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FOREWORD

This timely and comprehensive volume was prepared under the joint spoli-
sorship of the Structural Mechanics Program of the Office of Naval Research
and the Polyme.. S.r.c.. Ran,, of t,,he ,alai Weapons Center, China Lake,

through ONR Contract N00014-67-A-0325-O001 with the University of Utah, for
the below indicated reasons.

In the structural integrity analysis of solid rocket propellant motors,
intrinsic material and geometric complexities, such as interrelated thme,
temperature and shape dependent grain response, have dictated many simplify-
ing assw-aptions which are becoming increasingly incompatible with rising
performance requirements. While over the years propellant mechanics research
b]as resolved many of these obstacles, the current trend toward higher solid
filler content is greatly aggravating the seriousness of those remaining.
Accordingly, there is now a rapidly growing need for a sound and comprehen-
sive survey and collation of inadequately exploited research gains, and ?or
their proper integration into grain design technology. The purpose of this
present bold but sound effort to achieve these formidable goals is twofold.
The first is to provide in fact Just such a needed guide for inmediate design
utilization. The second is to provide an authoritative advance document to
serve as the basis for a scheduled joint Air Force-Navy sponsored engineering
review and, where appropriate, a supplemental expansion of its contents, by
the various specialists in the Govern ent-lndustry solid pr1ellant community
who serve on the Joint Army-4avy-NASA-Air Force .Structural Integrity Committee
for solid rocket motors.

The willingness of the authors, Professors J. Edmund Fitzgerald and
W. L. Htfferd, to undertake such P dual purpose mission is ciomiendable, The
fact that the effort had the concurrence of all the prospective reviewers on

~ this very effective Committee is indicative of the professional respect and
acknowledged leadership they enjoy among their colleagues in this technically
aggressive and highly competitive cvinunity. An initial review of the draft
of this "basic" document by the undersigned reveals that both objectives of
the undertaking are admirably met and that the confidence placed in these
authors is lindeed well founded.

Assuredly, this. integration of present knowledge with its planned
supplamentetion will greatly assist our solid rocket engineers to provide
the requi,,itjstructural integrity in critical propellarniigrains of our solid
rocket molrs. In view of the viable, dynamic nature of defense technology,
however, our continuing adequacy in this vital area of solid rocketry can
be insured on even a minimum basis only by the effective implementation of

-the further research and development requirements identified in this and
future a•endcients to this timely and authoritative handbook.

March, 1971 John M. Crowley
Structural Mechanics Program

Office of Naval Research

!li
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PREFACE
This Handbook re-presents an attempt to present an accurate report and

evaluation of the cupr~nt state-of-the-arit of solid propellant grain struc-
tural integeity .Majorý emphasis is given to the requirements for meaningful
*ýiateriai ch 4r,.tor4.at~ioo, structural analysis dnd-failure analysis of solid

analyst.

In preparing this 'Handbook, we have relied heavily on the published
and unpublished works of many of our colleagues from~ the solid rocket
community. in addi-tion, conversations with technical personnel of various
solid rocket motor companies were carried out for the purpose of obtai'iing
accurat? information on current structural integrity practices. 'For their
generous cooperation, we are partic~larly grateful to:

Aerojet Solid Pr(ýpjlsion Company
Atlantic Research Corporation
Hercules Incorpor~ated

* Lockheed Propulsion Company
Mathematical Science Cornoration
RocketdyneT,
Thiokol C.,'1unca! Corp-)ration
Un~ited Technology Center

We wish to acknowledge the StructurzI Mechanics Program of the Office
of~ Neval Researcnl which join~tly sponsored this effort under Contract NQO0l4-67--
A-.%'3?5-O0G1 w~th the Naval W4eapons Center. -Special thanks are due to Mr. John
Crowley for h~s inception of'the handbook concept as well as hils constant
efforts toward bringing-this-Haahdbcok to fruition. Tn this regard, the effecti'ie
assistance and support of Dr. Arnold Aficeff nf the Naval Weapons Center and Mr.
Irving Silver of the'N%,al Air Systems Commn~nd is also appreciated.

We'are 0Iýo indE~bted to 'Irs. Merle Bryner, Mrs. Marilyn Harris, Mrs.
Kaye Bowen and Mrs. Johanna Broadbent for their devotion and skill in the
task of typing this matiuscript.

J. Edmund Fitzgerald
February, '1971 William L. Hufferd
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LL5i7:zo in& INTRODUCTION In the
• /. , !.11 'era~rrl" "" "•tn

-Thl Handbook Presents a revfew and discussion of some of the refine

mens .and improvements that have been incorporated into the methodl of de-

termining the grain. structurl 'integrity of solid. propellant rockit motors

"durinq -the past fiftwn years. Major emphasis is given Io discussions of

the /current state-of-the-art practices along with a critical, appraisal of

the accu,'aty and •range of applicability pf structural analilis methods.- - ' - -

The necessity dnd importeance.s-of experimenral verificatio of -grain struc--.Y " 4 ' 4 '

tural ititegrity, is similarly stressed.

A grain structural integrity analysis is an evaluation of the ability

of a solid propellant roqket motoW to perform satlsfactorily throughout a

.specified environment; and i's comprised of two parts: 'a grai6 struttural

analysis and a; failure. analysis." A grain structural analysfs is the de-
. -.4,

j termination of the ýtresses, strains, deflection s, and deformati ns. a solid -

propellant.'grain may. be .subjected to during its lifetime. 'A str•.•

.analys.is, when coupled with.appropriate failure datp of the.component ma-

terials through a failure analysis, de-fines the''imiting environment i.n

which a solid rocket ractor may be expected to perform satisfactorily.

Most often, however, the environment of a rocket.motor, is specified by

the prir, contractor or the sponsoring government agency to the propul-

.- sion system subcontractor. Thus, a coupled structural and failure analysis,

or.equivalentlya grain structur-1 integrity analysis, instead of defining

*l~l
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San operational environment, serves to dete/Mine a minimum margin of safety

for satisfactory motor operation throughout the specified service life of

the motor.

In determining a minimum margin of safety, consideration must be-

-"given not only to. the statistical variations inherent in the experimental

determination of material property data, but also to the loads encounter-

ed by the motor (e~g., vibration, acceleration, pressuriz~tioý, etc.),

the physical environment of the motor (e.g., aging conditions, humidity,

tehiperature, etc.), and the inaccuracies inhererlt in the analysis methods

or artificially introduced through simplifying asgumpti.ons. The margin

of safety determined through proper consideration of these factors I .an

indication of the overall system reliability. If-these factors were pre-

7 cisely known, there would only be required a margin of safety greater than

zero. -Inasmuch as this is not the case, and quite often assumptions or-

approximations -must be gSade regarding specific information which is un- ;

avaiiafle, arbitrary' restrictions are placed on an acceptable'minimum

margin of safety. These restrictions reflectan ignorance fortar.._asociat.ed,

iwi-th the structul-al analysis, the loading conditions., propellant behavior

and failure analysis as well as the physical environment and mis-siqn.rea

qutreme.nts. The degree of arbitrariness- of these restrictions has. been

somewhat lessened by _the motor experience gained throughout the industry

during the'-past decade. This experience has been gained in all aspects

of grain structural integrity and has resulted in generally 4cceptable

' englaserin~approximations and assumptions regarding failure data, aging

behavior, structural analysis.and minimum margin of safety which, are valid

fort'he most part for engineering Aaly•lis purposes, Within this context,

1.2
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Sapproximations and simplifying assumptions are normally introduced for,

say, material property data for which data is available for a similar ma-

terial, or for a motor design for whieh experience exists with a.similar

configuration. The validity and usefulness of these assumptions and ap-

proximations are discussed herein, cautioning that in reality there is

no satisfactory substitute for the actual information required. In the case

of vastly different materials or design configurations', the required infor-

mation must, of necessity, be obtained through more sophisticated analyses,

Smore extensive laboratory testing;.a'nd if necessary, determination of grain

structural integrity may ultimately require-verificati'\n throigh full-scale

motor tests. In any casd, simplifying assumptions and pproximations re-

quire substantiation through pa~t experience or appropriate analyses and

experimentation.

1.2 Loading Environment

This chapter serves as an introduction to the subject by considering

the loading conditions to which a solid rocket motor is li-kely t9 be sub-

"jected. Temperature, dynamic, acceleration, pressurization and combined

loadings are discussed in terms of their origin and relative severity in

conventional motor designs. These loadings are discussed in some detail

in this chapter so that future chapters on analysis methods will not be

unduly repetitive in describing the loading environments.

This chapter also considers the influence of the physical environment which

a solid propellant rocket motbr experiences during its lifetime. This Is

a most difficult and significant problem facing the structural integrity

engineer. Of the factors producing adverse effects which serve to reduce

1.37
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the operational service life of a solid rocket motor, the normal aging

of propellants and liners, and relative humidity level during storage are

qenerally accepted as being the most critical. Proper evaluation of the ef-

fect of these storage conditions on the structural integrity of a solid

rocket motor requires consideration of the physical, chemical and physlo-

chemical changes of all age-sensitive system and sub-system components.

1.3 Preliminary Design Analysis Methods

This chapter is the first of two chapters dealing specifically with

the methods of performing a grain structural analysis. Preliminary design
configuration analysis methods are discussed here and final design analysis

methods are dealt-with in the following chapter.

A preliminary design analysis of a prospective candidate motor con-

figuration determines if a given grain design has ierit and possibly gives

qualitative or semi-quantitative indications of how the design may be

structurally improved. At this state in the analysis of a'solid propel-

lant grain approximations and simplifyihg assumptions in the analysis (--

methods are warranted. Design data sheets and approximate engineering

formulas are reconier'ded for the analysis of conventional motor designs.

Extensive numerical analyses at this level are- unwarranted. The addition-

al accuracy gained from using a computer analysts is often unjustified

in viei 6f possible approximations made regarding, say,material proper-

ties or failure data, and also, the uacqrtainty of the final design con-

figuration does not justify the expense of computeranalyses. An exception,

may exist n the case of new or novel grain designs, in which case computer

analyses may be required. In these cases, and particularly In the caqe of

radically new grain designs, development of new analyses coupled with

1.4
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"experimental subscale motor tests is recommended in place of relying on

computer analyses of questbnable appltcability.

In this chapter, approximate engineering analysis methods are given

fbr the 'loading conditions' discussed in Chapter 2. The approximate methods

consist ot formulas for calculating stresses, strains and deflections

for thick-walled hollow cylinders. Empirically derived relationships for

determining s~tress concentratidn factors for slotted and star configura-

tions, anA cuLrves of fiitk length end correction factors are included-

The ptesentation of. this material has been parameterized in terms of web

fractions and length to ditaeter ratios. "Becaese of the approximate and

preliminary nature of the analysis methods discussed in this chapter, only

the expressions used for determining maxinmum values of stress, strain and

deflection are given. These values are sufficient for a preliiminary de-

sign-analysis. Profiles of stress, strain and deformation as a function

of length for finite length hollow cylinderý have been obtained by means

of rical solutions to the equations of elasticity.

AMP,.•nalysis methods presentedare based on infinitesimal linear

elasticity theory. Indicati,.,i of how time and temperature ýffects may

be incorporated are also discussed. For the most Part, because of the

pre-liminary natbre of a preliminary design analysis, these modifications

are not called for at the preliminary design stage.

1.4 Final Design Analys s Methods

This chapter considers the methods of conducting final design analy-

ses. Preliminary design analysis methods were 8i;c, ussed In the preceding

chapter.

The -final stage of a grain structural analysis is periormed after a

preliminary design analysis has indic~ted the potential adouiacy of a given

1..'
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grain configuration. Whereas a preliminary desIgn analysis normally in-

vestigates loads and regions of a propellant grain generally thought to

represent critical structural integrity parameters, under simplifying

assumptions and approximations, a final design analysis usually encompas-

ses the total lodding ewivironnent and the entire propellant grain, normally

under- less restrictive assumptions and approximations.

The level of sophistication required in the final analysis and design

-tage is'determined by the complexity of the grain configuration and the

severity of the loading environnent. Presently, the final stage of a grain

structural analysis involves extensive use of approximate numerical tdchni-

ques. Few closed-form analytical solutions are obtained during the final

analysis stage because of the complexities O•the problems involved and

the Moative ease of developing numerical analysis methods for obtaining,

approximate solutions. A brief description of the numerical techniques

"commonly.6ued'throughoot the solid propellant industry is presented here

along with ia discussion of current industry.practices.

1.5 Soeclal Design Consideratigns

Several areas of grain structural integrity analyses require special

consideration. Particular theoretical and experimental investigations

have been carried out for

" TRANSITION REGIONS

"• GRAIN TERMINATIONS

The results of some of these studies are sunmmarized in this chapter. In

some cases the results are quite qualitative and, at best, are only suited

for preliminary design analysis efforts when coupled with competent,

1.6
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engineering judgment. Considerable detail is presented to illustrate

design and analysis procedures.

1.6 Experimental Stress Analysis Methods

Experimental stress analyses may serve as the primary analysis tool

or confirmatory experimentation of other analysis techniques. Experimental

methods are frequently used as the main analysis tool for complex grain

configurations when the validity of the results of analytical and numeri-

cal analyses is seriously questioned. 'Experimental methods are also em-

ployed for confirmation of analysi§ and failure predictions with subscale /

and prototype motor tests used as ultimate verification of graIn structur-"

al integrity. Properly used, experimental stress analyses represent power-

ful tools for the designer/analyst, complementing analytical ahd approxirTate

numerical analysis techniques.

Presently, experimental methods make considerable use of photoelasti-

city, displacement measuring devices and Structural Test Vehicles (STV's),

which model the essential features of production delivery motors. These

topics are discussed ih this chapter.

1.7 Failure Analysis Methods

A failure or strength analysis comprise$ the final stage of a grain

SsItrtfctural integrity analysis. The results of a strength analysis are ex-

pressed as a factor of safety or margin of safety. Determining a minimum

safety factor requires consideration of the statistical variations inherent

in the experimental determination of material property data, the loads

encountered by the motor (e.g., vibration, acceleration, pressurization,

etc.), the physical environment of the mot6r (e.g, aging c6nditions,
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humidity, temperature, etc.), and the inaccuracies inherent in the analysis

methods or artificially introduced through simplifying ascumptions. The

margin of safei determined through proper consideration of these factors

is an intc•iation 6f the overall system reliability. If these factors were

preýiseiy known, there would be no real requirement for a margin of safety

greater than zero. InasmUch as this is not the case, and quite often

assumptions or approximations must be made regardilg specific informatibrn

which is unavailable,.Arbitrary restrictions are placed on an acceptable

miimum margin of 'safety.' These restrictions reflect an ignorance factor

associated with the structural analysis,-the loading environment, propel-

lant behavior and filure criteria as well as the physical environment

and mission requirements.

1 .8 Material Characterization MethOds

'The material characterization-of highly filled solid propellants

consttutes one of the' major problems. to be resolved before proper

structural integrity analyses co be made.

There exist at present several, essentially standard, test specimen

geometries for the above purpose. These are generically

. Uniaxial specimens of several ,varieties

- Biaxial.strip specimens

. Torsion, single and doublý-lap shear

. Triaxial (poker-chip) s pimenis

. Diametral specimens.

The pl o. -of ,,l preparation are well covered In the ICRPG

Sol.id Propellant Mechanical Behavior Manual, CPIA Publication No. 21,

I.I
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September 1963, including its various addttlons and revisions.• This sample

preparation aspect is, therefore, not discussed herein.

In addition to methods and specifications for sample preparation,

the COIA Manual presents specific test'procedures to be followed when

using the above specimens. This area occupies th!e discussions of this

chapter. The publ'shed procedures are based uponi the-use of a linear visco-

elastic constitutive equation' and the MoWeland-Lee reduced time integral,

using ah experimentally determined time-temp~rature shift factor.' The

deficiencies of the test procedures center primarily upon.the validity

of the above assumption•.

l.q Linear Visboelastfcl.

This chapter summarizes the equations of-linear viscoelasticity

and also contains a.•discussion on the eigenvalue interpretation of linear

viscoelasticity,'which provides a rapid'means of conducting "pseudo"'

nonlinear analysts.

1.10 Themovlscoelasticity ,, .

The analysis associated with problems in thermoviscoelasticity, ranges.

from the simplicity of linear viscoelastic-analysis t complexity of,

nonlinear viscoelasticity.

The reason for this wide range of complexit lies in the physeca•

assumptions relative to-the effect of temperature upon the materi4l be,;.

havior.. A discussion of these assumptions and present methods of thermo •

"Vscoelastic analysis are presented in this chapter.-

1.11 Nonlinear Viscoelasticity

The ability to predict an-lytically the mechanical response of a

structure requtres as a prerequisite the characterization or mathemati-,

1.9 - " .



cal dcriptiof. the mechanica)" pesponse of.each of the materials'in

Sthe struct e.re Theehematheati'cal descriptors of the'constituent ma-

terial .46tse,-or consfitutiie equations asrthey areocalled, together

'With a kqi'owldgd of the applied r race oads and displacements and the

field equations of engineering. nI anics, comprise a system of equations

whose •oiuticn yields the•,&tte of stress ,ndstratn for every point within-'

the body. To predict-'the success or faidure of A grain design req;ires

corpat'inr The. calUlated -stress or strain states within the body to some

failure tehion. One therefore finds that qn aplysis of a •structure is . ( -

only as good as the constitutive equations defining material response - ' " j

and also that. a&failure analysis is' of little consequence if.e predict-

ed state of-stress is- largely'in error., Also, the determinatioi: of geaeral,

failure criteriýfor thret-dimefiional stortes of stressgenerally requirses

the calculation of the stress state jn l rboratory samples subjected to

multiaxial loading'conditions. Thu s,tthe determination of appropriate fail- ' "

ure criteria ir. also dependent on the constitutive equations defining

material resýponse. '

While the sequence'coNstituti ve equation, loads~definitiong strUctural

analysis and failure.definition are obviotuFTy totally interrelated, and

the final usable.jIswer t6 4 performance prediction is equally dependenft

upon the accuracy of each of the aboye elements in a design, the discus-

sion of this chapter 'iscoticerned mainly with the development of acceptable

constitutive equations,,..

1.12, Appendicet -

A number o{ appendices ore included -to sUpplement the text materAal,

Appendix A summariles the equations of linear elasticity.

1.*T0
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Appendix B presents a further discuss-ion of finite element computer

programs fromn the user's point of-vieew." -A typical 'computer program is

'listed along with descrip~tions of repaitred input and output data Three

sample problemý,ar& solved to illustra~te the use of finite element computer

ptograms.

Appendix C contains parametric design curves for prelimin~ary design

ai~alysis of cylindrical grains with vdrious end conditions and .subjected

to thermal, pressureand'acceleration loads,

-Appeddix 0 presents phiotoelastic test, dpta for evaluating star' -ialley

stress/strain concentration factors.

Appendix E prdsents a sample motor struictuiral- integrity~ anajygis

to i'llustrate the design and analy sis procedure for the novice *des igne~r/-

analyst.

Appendix'F presents a compendium of motor experience gained through~-

out thp soli'd~prop~liant industry, during the~past decade. Motor failures

-and subsequent corrective action talk n are 1discussed in the hope that

such information migit~benefit the-entire industry in preventing similar

typejfailures'in the futurg.' Inasmuch as the greatest effort has been

*made to avoid c6mpromtisng tae-proprietorsfiip of the-vartous oompanies

Qr~causing'any embarrassment to'any cbmpany or presenting:materl~al *of a

classified nature, these discussions' take on a rather general form -In

which the specific details relating to motor progr~ams, mission Objectives

Nm

and propellant type are for the most part opiitted. It is still felt, how.-

ever, thAt 'this miaterial will benefit thp new engineer entering the solid

propellant industry.

ST.11.
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. II. LOADING AND ENVIRONMENTAL CONDITIONS

2.1 INTRODUCTION'

The'loads encbuntered by af'solid rocket motor are nonially classified

as two types: sp*.ified loads and induced or derived loads. •ecified

"loads arn fixed by mission'requirements demanded by the prime contractor

..or sponsori ng government agency in 8FP or nitor specification documents.

These loWds are typically the.operational temperature environment,

acceleration, vibration, shock, trarosporotation and handling loads, and

'the physical e~vironr*nt (e.g;, aging 'condi'ions, humidity, etc.). Induced'

loads arise from'a particular'-selectfon of the propellant, proe'ssing.

techniques and grain confIguration satisfying the mission obj tives of

the 1mot6r. Induced loads are"typically cure shrinkageqp'r ure, flight

and certain coimbn6d ,oads.

The_'origln and severity of the•k loads and e"vironments are ditcussed

in this chapter. Sugges-tions for minimizing adverse effechs of these Tbads

through variations-In material ,properties or design configurationsare

given-' A section dealing with manufacturing andprocessing considerations

is also inc,luded.

2,2 SPECIFIED LOADS .

2.2.1 THEIM4A1 LMOS.

The most seypre temperature loading isomost often. l teUPverature

cycling. The critical areas of analysis are typica-lly the inrir bore

in internally R.c'forated grains and the case-grain termination points

(i.e., gr6in ends). .. ,

Thermal stresses-and strains arise because of the difference between

the coefficient of thermal expansion of the propellant and the motor case.

2.1
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The' coefficient of thermal exjansion of propellants, liners, and insu-

lation materials is typically an order of magnitude larger than that of

motor case materials. Thus, upon cooling to temperatures lower than the

motor cure temperature, thermal stresses and straIns are induced in a

propellant grain due to.the restrained shrinkage of the propellant, liner

and insulation buffer materials. The difference in linear coefficients

of expansion for composite propellants with a steel or fiberglas case is

typically-5 X 10- (OF)I; with an aluminumcase this difference is about

4 X -5 (OF). . This difference typically ranges between 8 X 10-5 and

10-4 (OF)-l for double-base propellants and a steel or fiberglas case.

the magnitude of thermally induced loads depends upon the propellant and

grain design selected to satisfy the motor requirements, inasmuch as this

-. 'sei1tion determines the propellant cure shrinjage which is equivalent to

,a,-pre•Ibed temperature-loading. Cure shrinkage stresses and strains

are discussed further in §2.3.1. The operational temperature range is

normally specified i'n an RFP or motor specification document..

In performing thermal stress ane strain analyses, the calculations

ma•-be referred to the propellant cure temperature and cure shrinkage,
stresses ard strains superposed, or the calculations may be referred to

/ )he zero stress/strain temperature of the propellant, T1 . Thiis tdmpera-

ture, is defined to be the temperature'at which thermally induced stresses

and strains vanish. As noted in §2.3.1, because of propellant shrinkage

during cure, the'stress free temperature will usually be higher than the

cure temperature. The cbret process for convention'I>tast double-bas'e

prQpeilants, described in §2.3.1, tsually results in a stress free state

"-at ambient temperatures, however.. /

4.2
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The temperature T, may be conveniently determined by several

techniques. Oro. method is to subtract the eqtevale-nt ietierature (
decrease associated with the cure-shrinkage from the propellant cure

temperature,

T= T- 1-p =T + (a.
C ap V0C 3t÷

where Tc is the propellant cure temperature, (p if the propellant linear

coefficient of thermal expansion and a is the net volumetriccure shrinkage.

U The net volumetric shrinkage of polybutadiene propellants is ty.pically

.0.2% and that of slurry cast double-base propellants 0.5%. The shrink'age

of conventional cast double-Pase propell\ants is substantially lower.

Alternately, the zero stress-/strain temperature may be determined

from analog or subscale motor tests. In these tests the temperature of the

cured motoris slowly raised above its cure tenperature.and measurements

of the internal' configurations versus temperature are'recorded. The

t-mperature- at which the internal geometry of the motor coincides with

the original,.mandrel configuration is thedn defined to be the stress'free r

temperature. Measuremennts made in this manner indicate that T, is typically

150Fhighcr than the propellant cure temperature for polybutadien'e prqpel-

lants and 22 0 F hiqhIerfor slurry cast double-base propellants [1].

Thermally induced stresses and strains may be minimized by reduction

of'the zero stress-strain temperature or through design optimization.

Minimization of the zero stress-strain temperature is accomplished by

- ( reducing the propellant cure temperature or introducing a complicated

cure ýcTe as discussed in §2.3.1. Design optimization procedures are

\currently based on engineering intuition of the analyst gaihed through pasý

Smotoi experience and on parameterized comiputer analyses.
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At grain termination points, bond stresses are reduced by introdizing
=-, intentionally relejased areas called flazpp or boots, or by the use of

•I ~stress-rplief grooves, fillets, wedges, 'etc. Stress relief flaps are.

fcomposed of materials which-havestrength and elongation characteristics
"" ~greater than the Propellant throughout the anticipated temperature range

•Iof the motor. They are also selec ted to have insulative capabilities/

consistent withth tiunts loca-otitc

asbestos filled buna-n ruLbers typically fulfill these requirements.

Inner bore hoop siresses and strains are minimized through design

considerations which will become evident in subsequent discussions of

grain analys>s methods in Chapters 3 and
I/

Aerodymami 1cheating effects have become important in recent years

Swith the development of supersonic aircraft and sophisticated air-launched

attack missiles. The structural problem which results from aerodynamic

heatingarises when a solid rocket motor, which has been in storage at a

low temperatulre, or externally attached to a high-flying aircraft, for a

length of time sufficient to allow the major portion of the propelant

grain to reach equilibrium, is then subjected to the thermal barrier which

results froma supersonic dashiof the aircfaft. The temperature of the

boundary layer and that of the missile skin is raised appreciably because

of.the dissipation of energy generated in the boundary layer at high speeds

and the shearing work done on the flu'id by the 'viscous stresses within

the'boundary layer at high velocittes. The result, is that temperature

gradients will exist within the Motor case and the propellant.

Since the major pOrtion of the propellant grain doesn't have time

to react to the temperature gradient caused by aetrodynamic heating, bond
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stresses in addition to those already present due to thermal cooling are

induced. As a general rule, the magnitude of this additional stress is/
small, on the order of a few p'i. This component of thermally induced

stress normally acts for only a short period of time before expansion of

the Insulation or liner buffer materials (whAch expand an order of magni-

Stude-more-t&7l case) induces a compressive stress component which

results in an overall net reduction of bond stresses. One sees, then,

that the structural problem associated with aerodynamic-heating is a

decline in the strdhgtb properties of the propellarit-liner-insulation-

case bond system due to the rapidly rising temperature field. This

problem reaches catastrophic proportions when the teiperature rite at

the propellant-case interface is such that the bond stress capabilities

at this interface decrease ,oe rapidly than the bond stresses decrease.

This behavior is described scheitacaily in Detail I below.

Propellant/li nen/case
bond stress capabilities

Aero-heating bond stress

Thermal cooling
S--k, Then=_ col , n5

U i bond stress

u*-IStart of aero-heating

S4 .Failure

i- time

Detail I. SCHEMATIC REPRE-SENTATION OF AEPRDYNAMIC HEATING EFFECTS

2.5
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Y Upon aerodynamic heating, the net bond stresses initially increase,

in i-•ignitude-s1 ightly,- afn then- decre.mse-with time.---The'propellant-.-

-tasE interfacial bond 3tress capabilities do-crease mopnctnbi-ily with

time during aero-heating. If at some time during this process, the

interfacial bond stress capabilities decay t6,the point wherethey,,are

less than the induced bond stresses, Ahen failure will ensue.

A normal procedure for minimizing adverse effects of aaro-heating is

to insulate the external surface of the motor case with cork or some

other good light-weight insulation material which has a heat transfer C)

coefficient comparable to that of t.'e propellant. •This insulation inhibits

the magnitude of the temperature differential between the case and the

propellant, and decreases the temperature flux. Another method for de-

creasing adverse effects, which is currently being researched by a number

,- of companies throughout the country, involves the use of high temperature

curing adhesives, elastomiF- and propellants. The use of these materials

S ml izes degradation throu h imporvement of the high temperature physical

Sprbpert~ies of the compo-nent nterial. These materials have not been

developed sufficilntly to be c6psidered state-of-the-art as yet, however.

2.2.2 ACCELERATION LOADS

This section presents-"rtef-dtscussion of two classes of accelera-

tion loading cnditions:

(i) storage slump

0(i) launch and manuvering

Transportation of a solid rocket motor normaliy induces acceleration

"loads of the order of + 3 g's or less. Because of the load reversal during

transportation, this type of acceleration loading Is better described under

dynamic loadings and will be considered in a subsequent subsection.
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AXIAL ACCELFRATION

Axial;• or longitudinal accel ration loads occur under vertical storage,

transportati' and launch conditions. During vertical storage of a solid

rocket nmtor, tOe propellant grain is subjected 'to a one gravity body

force. Normally a I. g Icad is not sufficient to produce a critical shear

stress along.the case-propellant bond interface. An exception to this occurs.

-in the case of large solid rocketr motors in which inadequate-orain-termina-

tions are provided, since bon". shear stresses are proportional to the

motor dtameter. In this. situation it is not unusual for grainend unbonding

to occur. The major problem associated with vertical storage, however, is

the occurence of large propellant deformations, or slump. Slump can be a

critical design factor for storage above ambient temperatures (i.e., 70'F).

At lower temperatures, the stiffness of the propellant usually lessens the

magnitude of fdrmations.

Gral.n deformations under axial storage conditions are prdporti al

to the square of the motor diameter; thusý slump of a propellant grain is

particularly pronounced in the case of long term vertical storage of rela-

tively large- solid motors,-as for example,'in a'silo. This condition may

,also become critical in smaller motors when propellant slump provides gas

flow restrictions not accou. ;ed for i6 the ballistic design of the motor.

An example of this is a motor with a submerged nozzle or radial slots.

Slump characteristic' of a solid propellant are controlled by the

creep properties of.the propellarit. Thus, .increasing propellant stiffness

will-reduce the magnitude of slump.defdnnat onsý however, the-adverse -

effects associated with increasing the propellant stiffness, in particular,-

the reduction in propellant elongation capabilities, usually overshadow

any benefi $ itms, axial slump is most often-daTtwith- W-des -

2.7
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procedures which allow for large deformations. Stress relief flaps, or

boots, provided at grain terminations to prevent grain end unbonding during •

temperature cycling, are usually also adequate for preventing grain end

unbonding during axial storage.

During launch of a solid rocket motor, high shear stresses are in-

duced at the case propellant bond interface. These stresses are a maxim='

at the forward end grain teri~inations, and are directly proportional to the

acceleratiqn magnitude and morur diameter. The maxiumni shear stresses
normally occur near the time of maximum acceleration, rather than immediately,

upon launch. Axial acceleration stresses are more spvere in an unprezsurized

motor, such as in a second stage vehicle, than one which is internally

pressurized. PreSsurization induces a hydrostatic compressive field which

tends to enhance propellant strength capabilities and lessen somewhat the

effects of body forces. High temperature acceleration is more severe than

low temperature acceleration because of reduced propellant case bond strength

capabilities. Axial launch and infl-ight accelerations are the more important

-'- acceleration loads for high acceleration motors.

Axial acceleration stresses may be minimized by maximiziong the extent

of bonded area, in particular grain end support,-and through design of

grain terminations in such a manner as to minimize stress concentrations

at grain case singularities.

TRANSVERSE ACCELERATION

Transverse, or lteral accelerations occur under horizontal storage,

transportation, and maneuvering during free flight. Horizontal storage

at moderate temperatures, like vertical storage, can produce significant

propellant deformation. In addition to providing gas flow constrictions-- -.........

/,



from star poiits or longitudinal slots closing together, there is 'the •

more- severe probl sm of case'dvality in flight 4eight motors. This latter

pro bils corrected by providing stiffening rings to prevent the case

from becoming oval during storage. All of-the above effects are mini-

mized, or at least compensatedifor, by periodically rotating the motor

ninety degrees. tn the case'of long, thin st'arpoints, start~p deflections

are often limited y providing consumable styrofoam- supports tor the "

individual starpoints.

i' ) iiflight maneuvering normaily does not induce significant acceleration

loads. For very high accelerition motors bending of the motor case due',

to sharp maneuvers may occasionally result in graii cracking -or grain epd

unbonding. Normal design practice, for other Toading'conditions, -howeyer,

generally result in adequate structural capabilities during free flight .

maneuvering.

2.2.3 DYNAMIC LOADS ..

VIBRATION

Vibration'of s6lid rocket motors is generally recogntied as a ootential

structural integrity problem for applications in which severe or sustalned

vibration enviroments arc incoi d because of significanrtpropellant .

damping.. Vibration effects are most severe during ground and •inflight

transportation. Free flight vibration is not normally damaging •o the

propellant grain because of the relatively short burn times of solid

rocket motors. Resonant burhing, however, may lead to significant

structural problems, particularly in the case of thin unsupported grain

webs (e.g., thin starpoints, wagon-wheels, etc.). The high iluminum content

of-most modern solid propellants tends to reduce -omewhat the problem of

"2.9
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combustion instability. For certain. ombustionconditions, qas flow

conditions and iiiternal graio.ponfigu:•atfons, acoustic instability may

result in.pressure waves of,sufficient magnitude to cause propellant

fracture and subsequent catastrophic mutor failure.
Jr critical problem associated with vibration is'.that of generating

local temiperature increases sufficient to cause either spontaneous

ignition'of the propellant ur severe - mechanical degradaion.. TMe,

rate of'anargy di'ssipation int& heat for a linear v/;sco&stic material

is pro rtional to the frequency of.vibration,,material stiffness and

the square of the magnitude of the deformation. Thus,'the vibrtjpn

problem is typicall'y post severe for conventional motors under th low

"frequency, first resonant~mode, at high temperat res. In this siation

the propellant stiffness is a minimum for Vibration.conditions,.4nd the

motion of, free-surfaces (e.g., a starpointl is greateýtYresulting in

maximum energy dissipition into heat., The probylem is further compl'i-

cated by the chatacteristically -strong temperaturedependence of propel-

lant mechanical properties. This temperature dependence makes the (
energy dissipation, very ,sensitive to temperature variations so that a

-continuing periodic forced motioh gives'use to substantial temperature

fincreases. A

At low temperat-ur the propellant behavesi more nearly elastictlly

psplln ethat~ " t\ iso that motion and'energy dissipztion are reduced.- Also,' tbe heat

generated is more readily nducted away from sources of heat,:generaztion

at low temperatures than at hightemperatures. -

Another probleu occurs for sustained Vibration of very high mass

fraction motors. During sustained vibeation, the' temperature increase
2
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associated with energy dissipatidn causes the propellant grain to expand

2 • to f/i a'ailable fjeq volume. If insuffizienft free volume is provided,

propellant--propellant or propellant-case contact may be' made. This,"

contact may result in.local temperature increases an order o• magnitude;

or mord, higher than average temperature increases; or it wy'cau'se

jtructural jfailure due' to degraded propellant mechanical proherties..

In the event that temperature increases are not sufficient to caase

autoignitio-, there, st-ill exi~sts the pqssibility of inducing sufficient

degradation of material properties, as a result.of. cyclic loading, to,

cause -.hemomechanical breakdown of thl propellant or propellant-liner-case-
bond. Eamples of prol proellant depolymerizati d

extended-cycl'ic loadtng have-been presented by Tormey and Britton [2j,

Thd vibrational capabilities of solid rocket mofprs a~e currently

determined from full scale motbr tests. The specific nature of the test

.'envjronment isdictated by t~ie applicable m'i].itary specification. 'A

typic-I.specification will require vibration testin5 in each of three

"mutually or thgonal directions (transverse , vertfcal, and longitudinal)

7 at input amplitudes of 0.100 iich double amplitude disp Cement or 5 g's

peak ac.celeratio6 intensity "t frequency rangs.between 2 and*500 cps ýnd

5,to 2000 cps. In.addition, a certain porti-on of the test is.carried
Sout under sinusoidal oscillation while 'Continuously varyihg the frequency .

or under broad band randomýexcitation.' Most military specifications now-

require 30 minutes-dwell time at ach Ahe resonant frequencies bietweeh

Z and 500 cps. Table I presents a comparison of some measuredvib- Aion

oevels aistic artecvifation specifications.

In the past, lnumerou~s inquiries,have been fmad•c regarding the question

of how realistic are the vibration specificatiJans. Th-ese inq~irles "

S•L, • •2.11.
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TABLE . CMPARISOM OF SOME MEASURED VIPATIOM LEVELS WITH VIBRATION SPECIFICATION [3
i

I or 0PRATIO.KMU3 IaD VIBRATION LEvEL

1. TQA.NSPORTATION AftO HAX ING

/A. Sbipoent by Coi-on Larrier . Part I. Sinusoidal resonance search:

Truck . /to 500 cp!

a. e od 0.35 k m Part 2. Sinusoidal resonance dwell:
b rough roads q•0-25 mph) 1.7 g pea.kt••x at 10 cp-.ý) 1.3 to 5.0 2(peak) for 30 pin.

" p 1. giptax at each resonance (2 to 500 cp. )
aPart 3 Sinusoidal updor sweep f equency:

c. cross-ccuntr 1.1 to S.0 g(l-ak) for 4Z mn
(I t1I0 mph) 1;- 3 g(peak) in each axis (sweep rate 15 mnin.

0 • for each 5-500-S cps cycle)
* 2. Tructor-Trailer 3.7 g(p.ak) max i; 240-350

cps regionjokiurred less. tk'r/ , ; 1%Iof tir- /

S 3. RaII •oad' "

a. over the road 0.8 g(pzak)(max at 1000'cps)
(50 to 70 mph)' 2.2 g(peok)(max value noted

- 93% of vibration-was less -

than 0.75g)
- 2,0 g(peak)(predominant 're-

-qeAcies in 2.5 to 7.5 and 50 to"•€ "/• 62cps regions)

- b. switoJing shack . 35 g(ptea) with 8 mph impact - -I
e (tmnsient) .

• 
,4: Air;taft,, propllIer- . N " "

dri~en' with reoiprocating' 5.0 g( ms)(max atnO0 cý&ps).
or turbo engine 5.0 g(peak)(l to 250 cps) /

V-. Alrcraft, jet engiine 2.8 9trm)(Max at B80 cps)-

"6. Heli apter -7.0 g(,--s)(Wax At 4u0 cps)
S t~o g(•eak)(3..0 to 35 cps)

7. Sips

a. c41M seas O.Cg( ak)Lmax's al 1.5 '
15 cps)

b. rough seas. O- 9(peak)dax's at 0.1 and , ,

c. iergereny manurvers 3.0 g(peak)(m•a's at 2.5, 12 .
Sand 45 c-s)" *

, .B Shi Peont by Special Transporters

1, Minuteawn Stze !U/Boing 0.6 9(pehI10 tiatek w pak
- 1 ranporir " noted ini he 0.25 to 0.5 g range

than in the 0.i to 0.75 range) -

2. Mike I (storlage-ta- - -'

i1 uncher) l.GOg{pe&)- -- lonlt.di nal
1.5 g(peak)..-,Lteral

/ 3.0 g (peak--vertical'

-3. Titan III Segrent/tractor
Trailer Transporter 1.3 g(peak'--fore-aft "

1.0 g9peak)--lateral and vertical A'

II. AIR LAUftE4i. ROCKETSs

-,A. Captive FlightI (tactical Part 1. Sinusoidal Resonancejearch;
aircraft) .S . Sto 0 cps or S to 2000 cpv.

Par~t 2.' Sinusoidal ;Zesonece Dwell'
1. carried in bay (doors 4.3 q(rmi--lonqitrudinal 5 or 10 g(oeak) for 30 minute

ooen) (q - 1480 psf) '9.3 g(iwsl--Tateral , at ech resonanr. /
11,8 g(rms)--vertical 'aPrt 3. "Sinusoidal Swee?ýFrequercy:-

"-tspectrum cover; 20 to 2000 /. - 6r 1(0 g(pcai) 4for 2 hoUrs in
ops wit.h a .axium In the .- each axis (sweep rate -'20 inin.
SO to 1000 cps rgion) .- per 5-2000-5 cps cycle)

2. Externally Carried 4.7 g( M ) for a0ch I.; at
_33,000 f -.

6.3 to 9.0 g(rmsJ for 600
koots it 5,000 "ftý altit de
3.0 g(peak)( -to 180 cps "

8 . Powered, Free-Flight . 0.86 to 2.8 (M) Part 1. Siriusoidil Sweep Frequency..
- . , Sto 20 q(peak) for 2>paie

Sin each axis (sweep r
min. for eacl 5.2000-5 cps cycle).

Part 2. Racdoc: 0.04 g
2

lcPS P7.4 g-rms)
. "f-30 min. 4n each a'Yis. (100 to
,7•0 O cps with 6 d0/octave rill

b -2.2 * each end to 50 and 2000 cps

4,



EUTABLE 1. (ccntinuea) COKPAfiIS0~ OF SGR t4ZASURED ,,,Tý' YEL lu Y10-FATpw Syr TFICAT!ONS (3]

MODE OF OPERATION MEASURED VIBRATION LEVELS SPECIFIED-ENVIROMENT

Il1. GROUND LAUNCHED RVCkETS Part 1. Sinusoidal with Sweep frequency:
5 to-50 g(peak) for 39•min.

A. Lauichetd frog Stationary 4.t g(nras)(max PSD noted , ih eith axix (sweep rate. 20
Site 0,007 g

2
/pps at j2c-O cps) min. each 5- 1.Y-'5 cps cycle)

Parlt 2. Random: .02 g /cps (5.30 g-ras)
B. Launched from Mobile to15'/c~ s (46.3 5.-res, for

launcher 30 min. in each -axis (W0D to
1000 cps with 6 db/octsve roll

1. Captive Transpor- 1.6S g(peak) at 76 cps-longl- off each *nd to SO and 2000 cps
tation, Tracked tudinal respectU~ely)
Vehicle (30 to 1.04 g(peak) at 80 cps-
Is mph) lateral

1.95 g(peak) at 80 cpt-
vertical
2.75 g(ras)(PS0 spectrtm peaks
at 10 cps)

IVY. SHIP LAUHCHED RDOCYES
A., aptive Transportation

"(Tact'cal Ships)

1. 5e.rye 3 (peak)ý17 to 170 cps)

Z. PT Boat 6.0 9(peeak)(10 to~ 140 c-ps)
3. Submarne 2.0 Q(pegk)(15 to 160 ;ps) •""-

S. 8, "owerad Free Fltigit 8.3 3(rm)(max. PSI) noted was C
0 .03 /lcps in-700 t'•~•

2.1
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resulted in a recent study being conducted to compare available motor -

data wi~th current vibration ipecifications [8].. The major objection to

current specifikations is that the resonace dwell requirements are an

unrealistic facsnýnile of the actual motor vibration environment. Wagner

[31 recommended that resonant frequency tests be.abandoned and repiaced

by random sweep vibration Lests since these are more representative'of

the actual environment of a ýolid rocket motor.

It is easily demot.strated that the maximum internal heat generation

in a solid propellant grain' occurs during vibration at resonance; and

also that as th: temperatute of the-propellant increases, the resonant

freqsency of'the motor initially decreases. Most current specifizations

require that during resonance dwell tests the input motor vibration frequency

be varied to follow changes in the resonant frequency of the motor wh'tch

results from the temperature increasing. This environment is more sever)e

than the vibration environment a solid rocket motor actually encounters/

durinq its l.ifetime.

Questions have also been raised regarding the requirement that input

acceleration intensities (usually +.5 g's) be monitored at fixed motor/

shaker attachmdnt points. Amplifi tion factors frequently. result in

t+ 10 g's acceleration occurring at ntin6des, This loading situation is ih-

tended to simrulate aircraft vibration&l loading of an externally mounted

rocket motor. In practice, however, the vibrational loading is due mainly to

air and wind buffeting loads.' The result is that the motor, in fact,; it a

nain'source of vibration loading for the aircraft. This condition is not simu- /

-ated in present vibration tests. P

Sore improvement in pte sent vibratiQn test',ng and specifications are

. expected to result from the captfve flight tests of instfumented bomb dummy

units in a program sponsored by the Air Force-Rocket Propulsion L,aboratory,

and from Condor Motors, presently instrumented and being monitored during

captive flight by RockeBtdyne. 2.14
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SHOCK

Shock loads normally occ> when a solid rocket motor is dropped or

subjected to d'seve're mechanical jolt during handling or transportation.

The various ,blast waves of .nuclear explosions are also an important source

of shock.loads. The time averaged magnitude of these loads, excluding shock

waves from nuclear explosions, is nqrmally in the range of one to five g's.

Peak local intensities range between 25 and 75 g's;

Peak shock load intensities.act for a very short time during which

propellant normally behaves essentialy as an elastic material with a

glassy modulus. As a consequence, the .propellant grain itself is itsually.,

undamaged. The major damage that Dccurs.is usually bending or warping

flight weight rocket motor cases. Possible damage inflicted on a propel-

* lant grain as a-result of sýh loads may be either propellant-liner-case

unbonding, or the developmentoofoa sh6ck-wave with sufficient epergy to

causp detonation.

Case-grain unbonding is most likely to occur at intermeddate,to low

teMperatures either in the immediate area of the-point of application of

the shock load, or at ctse-grain terminations. At high temperatures the

propellant is more complianf.and can better withstand large deformationS.

"The compliant, high-strength, elastomeric end-rilease flaps employed at

critical grain-terminations interfaces to relieve thermal stresses also

serve .to reduce the probability of peel failure at these locations during

shock. loading of a Aktor.

Detonation of propellants. is a complicated process which is tii! not

completely vnderstood. Some of the possible Initiation mechanisms are

adbabatic heating oA compare gases~within void areas, friction between

- _..2:15 - . ... -



the solid particles in the propellant, fracture of energetic solid I
oxidizer particles and viscous heating oftheý propellant binder' [4-10].

There are indications that theenerny release due to viscous damping is

not suflicient to initiate detonation of propellants [10,11]; however,

this qtestion has nnt yet been completely resolved.

In the 4sence of quantitative analyses, laboratory and full scale

motor tests are routinelyiconduct*d to determine the shock sensitivity

of peopellants and loaded motors. Laboratory tests generally consist of (
impact sensitivity tests In which physical impact is caused by a falling

weight such as in the ERL test; or shock sensitivity tests, in which the

initiating rhock is gener tsd by a donor explosive, ascn the gap test;

or by high velocity impact, by a projectile. References5, 6 and 8 ts

contain further discussio s of laboratory methods of determining and

evaluating shock sensitiv ty of propellants. An analytical model which

qualitatively relates the experiental conditions of shock pressure, shock

impulse and accepter dia ters in regard to initiatJon of detonation has

been discussed by Pratt .7].

TRANSPORTATION AND HANDý ING

Some of the loads ýrising from transportation .iid handling of rocket

motors haveI been discu sed briefly in the previous sections. The magni-

tude and vibrational 4 equency of transportation loaaý vary somewhat

depending upon 'the ca~rier._ Some measured vibration levels for transpor-

tations are shown in Table I. Specifications--,typically require 30

minute resonance dwell -tests at each resonance between 2 and 500 cps at

'ak input accelerations between 1.3 and 5 g's, and sinusoidal s~eep tests

from 5 to 500 cps at 1.3 to 5 g's peak input acceleration.

2.16 1



During handling of a solid rocket niotor datnage is most likely to'

be inflicted upon the motor case. -This damage may consist of bending

.of the motor case or nozzle, dents in flight weight cases, bending or

dentinig attachment or handling lugs, etc. Grain unbonding'in the area

of the dent-is alto-likely to occur.

tuý' scale motor tests usually consist of- drpping motors, unpackaqed

aVd packaged in protective shipping containers, from various heights in

various attitudes onto concrete or steel slabs. Visual inspectioi• and

non-destructive tests, such as X-ray inspection and ultrasonic inspection

of critical bondiregions are used todetermine the severity of the damage.

Some specifica ons require simply that:theimotor not detonate,whereas

others require that it operate satisfactorily aftpr drop tests. C6rmnon

tests--for shock sensitivity have been mentioned above. Usually dropping

a flight weight motor which i-s not encasOedin a protective container will

result in irreparable demage t•_ the motor case.

2.2.4- SPECIAL -OADS AND .ENV IRON S

Occasionally a solid rocket motor wi be required to operate success-

fully in a special enviro.nment. T,;,e spin/ernvirorment has -probably had the

greatest attention, although little has beere publisl)o. in the open litera-

---- ture on ithe structur6l behavior of a spinning ,.ropelant grain, It .is

possible that the spin rate may induce appreciab&e-Pnertial stresses and

deformation within the grain. Star-shaped gr~in geometries are--usually

a-voided, since the deformations of starpoints wili, norma y~ e excessive.

The spin env.ironmentfiirequetly -le.ds to eratic burning characteristics;

the most noteworthy of Which is errosive burning. Strong coupling between

the burning characteristics and structural behavior is to be expected.

- 2.17
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Other loads and'environments, which will not be discussed in detail

in this handbook, rezult from requireme-iits for heat sterilizable propellants

for sp;ce application, resistance to radiation and special environments

pec-. "ar to nuclear explosives. Generally, particular propellants are

developed and tailored'specifically to survive in these enviromnents..

!!2.3 PROPELLANT AND DESIGN INDUCED LOADS "

The induced loads, as mentioned in Sec. '2.1, arise from a .particular -g

selection of the propellant, processing techniques and grain configuration

satisfying the notor mission objec~tives. These loads typically consist of

cure shrinkage, pressure, flight and. certoin combined loads.

2.3,1 CURE SHRINMAGE

Cure'shrinkage stresses and strains are induce41during propellant cure

w,;en the propellant is transformed from a highly viscous fluid-like material

into. a solid. tie majority of propellant cure shrinkage takes placq prior

to the initial- point of propellant solidlf~ication (i.e.,, gel); however,

,4, cure shrinkage strsses devieop only, after gel, in'asmuch as propellants

display fiuid-properties prior to gelaton and cannot support substantial

shear stresses. The shrinkage that takes place between propellant gel and
coiplation of cure is restrairind by the motor case. As a result,^shrinkage

or residual s~res'es exist in a sGil rocket motor upon completion of cure.

For propellants wMch gel at an ea stage of-the cure process, the

possibility of developing shrinkage stresses which are greater than the

stress capabilities .of the partially cured propellant exist3. The result

is that a motor may exhibit cracks or unbona regions- mme.diately upon

"removal from cure.., These effects are most evidertiin high mass friction,

2.18
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composite propellanrt motors and slurry cast high energy double base

propellants which are cured under conditions leading to indesirahle nonuniform

temperature fields. Under certain condi.ions, however, as it shall be seen,

curing in a nonuniform temperature field leadsto a reduct'ri in cure shrink-

age stresses and strains.

The amount of shrinkage that takes place during cure of a solid rocket

motor is a consequence of the particular choice of propellant and processing

techniques selected to satisfy a given motor s temparature environmental

requirements. Conventional composite propellants are cured by a polymLrization

\ -process which is generally accompanied by a volume shrinkage which is propor-

tioal to the binder volume present. Because of propellant shrinkage during

cure, the zero stress/strain temperatui• will be higher than the cure

temperature. Composite propellant rocket motors are typically cured between

130 °F-and 145 0F. The cure'shrinkage that takes place is equivalent to a

150 F tgnperature drop [1]. Thus, the zero strtss/strain temperature, which

0 is normally taken to be the reference te,,:perawure for thermal stress and

straln calculations, ranges between 145 0 F and'60OF for most conventional

composite propellants. The stress f;ree temperature for slurry cast

double base propellants is.typically 22°F higher-than the cure temperature

[1]..These propellants are typically cured between 1ll5°*and 40°F.

The cure of conventional cast double-base propellants is basically a

mutual diffusion'process between casting powder and casting solvent with

no chemical reaction occurring until the final stages 6f the cureprocess

[12]. Casting powder granules, consisting primarily ofvnitrocellulose

with metal fuel, oxidizer, ballistic modifiers and stabilizers incorporated

to improve motor performance, are loaded 'into an empty motor chamber by a

2.19
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pneumatic conveyor. The casting solvent which is a high energy liquid

containing nitroglycerin with diluents to increase plasticization arcd

reduce sensitivity, is then added under pressure. Thic pressure causes

the liqoid -toflow into interstices in the powider granules until voids

'have been replaced by casting solvevit. The solvent is absorbed by the

casting powder %hich in turn swells the powder into interstices 'ýonwrly'

occupied'by the absorbed liquid. Mechanical displacements are often

applHed to the propellant by means of rams to aid grain consolidation.

After the casting powder and solvent have combined to form a single

phase material,the temperature is raised to about 120'F and the propellant

,cure completed. Propellant containment by the rams is maintained at the

f20OF cure r'mperature. Thus, cure shrinkage in cast double-base

propellants results-essenti'allyfrom bed' settling and collapse of micro-

voids in the casting powder gz 4nules during ambient-temperature mixing-

of solvent and powderand is not chemical- in nature. Some' chlemicSi

shrinkage does occur d-&ring completion of cure at the elevated, cure

temperature; however, because of the partial cure at ambient tempera-

ture a decreated net shrinkage relative to composite propellants results.

Furthermore, because of the compressive loading on the propellant grain

during the entire cure process, an essentialll stress free condition

.e6xists in the grain when it is returned to a~bient tenrature.

"The volumetric cure shrinkage of most composite polybutadiene pro-

pellants can be adequately described by the relation

AV - {1 - exp(-1t)} (2.2)
V0

where a and ý are experimentally determined constants. The constant a

represents the net voluietric shrinkage, and the product ac represents'
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the initial rate of shrinkage. ,The net volumetric shr~nkage a is usually

not explicitly temperature dependent, hgwever, the shrinkage rate aC is

ttroagly temperature dependent since polymerization, in general, is a

.thermally activated process which'is usually adequately 4escribed by

-first order kinetic theory. Procedures for performing cure shrinkage

tests are not readily available in the 'pen literature, however, a con•on

technique makes use of a mercury dilatometer submerged-in a constant tempera-'

-j •ture bath. The'rise of the-mercury-column in a capilliay is mootored

using'a-cathetI ometer. More direct techniques for measuring th//e stress free

temperature were discpssed in §2.2.f. ,

Determination of cure shrinkage stresses in a solid rocket motor repre-

sents a diffucult'task which is not easily carried out.. Thacher [1] hIs

analyzed recently the d6uble-base manufacturing process, and Cost [13] intro-

" ducedan analytical approach wnich may prove t6obe worthwhile for determining

.shrinkage stresses in composite propellant;. In'this report Cost treated

ouring polymers 'under isothermal and steady-state thermal conditions,

and formulated the basic governing differential equations in terms

of differential operators.- The material "properties were treated

as functi'ons of space, time, temperature and degree of cure. Indi-

cations of 'how material behav, may be related 'to molecular paraa-

meters were given,.based on Bueche's theory of molecdiar viscoelastiyity.

Such a theory may serve as a guideline-for future developments in this

area; however, lacking,experimental verification, these deveiopments should

be 6onsidered tc be of a preliminary nature, Development of analysis

techniques for cure shrinkage stresses will likely be necessary in the

future with the.evolution of more complicated and more highly constrained

- grain configurations.
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Several techniques have been successfully used forminimizing cure

shrinkage stresses and reducing the stress free temperatures. One method

is to use propellant binders and ingredients whlch undergo minimum shrink-

age during polymerization. 'Unfortunately, the resultai" pi'pellants

seldom meet motor perf6drmance requirements. Another effective means of

reducing shrinkage stresses is to cure the propellant at a lower tempera-

turE for a longer period of time. Still another alternatIVe is tp step

cure the motor starting et an intermediate,temperatu.e •pd gradually

increasing the cure temperature in steps at various stages of the cure

process. This process produces a nonuniorm temperature- field wbich in

Ssome.situations results in a more favorable strength distr'bution during

ure. Step.cure cycles are usually determined-empirically by performiing•pro-

.- pellant cure shrinkage tests at a number of different temperatures. A step

cure has been successfully used by Lockheed Propu)s-ion for polysulfide,

Dolycarbutene and slurry cast double base propeliay'-s., Poube-.base propel-

lants a-e often cured in a nonuniform temperature,field.

Auxjili:ry benefits are derived frow botn the stepeure and the

longer term low temperatuýE cure. These methods of propellant curing reduce

the strejs free temperature and thereby reduce the stresses and btrc.ins

resulting frum temperature cycling. Thes4'curing methods .also tend to

produce a more fu1lly cured propeiAant and thul. reduce aging degradation

due to propellant post curing.

2.3.2 PRE'SUPIZATI'N LOADS

Pressurization loads arise duriq ignition if g solid r.-opeiiant

rocket o-ocor and, act until motor burnout. Ignition -ressurization induces

a compressive hydrostatit pressure thIroughout the grain with superimposed

; tenfsile hoop components of stress ar~d. .-train at the imner bore. 'The
- ..
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pressurization loads imposed on a solid rccket motor are. determined by

the propellant'properties (e.g.', bulk,compressibility, burn rate, pressure

exponent, temperature sensitivity, etc.), the grain configuration and

the stiffness of thQ motor case. The ballistic properties of the propel-

lant deternine the grain configpration and the motor operati'ng pressure.

Low modulus case materials such as fiberglas cases typically g' rise

to more severe pressurization loads because of their lower st;Tfness.

.The hoop strain dt the Tiner bore and the stresses and strains at

grain terminations are usually the critical design parametersfor pressuri-

zation lmadinge particularly'for low temperature firings where the propel-

lant has less elongation capabilities than at high temperatures. Design

considerations which lead to a reduction of thermally induced stresses and

strains -also tend to reduce pressurization stresses and strains.

2.3.3- FLIGHT AND'COMBIN[D LOADS

Certain combined loads are of nmrp significance in determining the

structural integrity of a solid rocket motor than the individual loads

applied separately. The most signific-ant combined loading is normally

that of low temperature firin*g. A 'iow temperature firing of a solid

rocket %mtor superimposes the stress state resulting from ignition

pressurization-upon the existing stress state due t- thermal cooling. As in

the individu'al lqadings, the critical strain field occurs at the inner bore.

The bunG Atresses at grain terminations are also of major importance.

Thermal strains are usually higher than pressurization strains with the

possible exception of fiberglas case motors in which pressurization strains

if 20% are not uncommon. Thermal strains. are also induced at a -low

loading ra- ,.the motor cooling rate, whereas pressurization strains are

2.23



inducec at a higherloading rate, Propellant strength and elongatio'i'.. *

capabil ties are higher der a hydrostatic pressu're so that thermal.. ,

cycling will'usually dominate de ign considerations. There is some

evidence.which indicates that if a motor has not failed during low

temperature cyc~lrg it is not likeiy~to fail upon firing [14]. There is

addi'tional evidence that suggests existing flaws or cracks may_-. -

4 ý1 enlarge and propagate leading to catastrophic f'ilure during firing [15].
gI

Launch of a solid rocket motor superpose, the stress states due to

pressurization, thermal cooling or cure shrinkage and axial acceleration.

The addition of launch acceleration- loads in considering low temperature

firirgs is usually not required iasmuch as the propel1nt stiffness and

strength capabilities are substantially'highier at low temperatures than

at high temperatures. At high temoeratures, on the other hand, 'thermal

stresses and strains dre'inconsequential-and launch acceleration stresses

dominate design considerations because of the, reduced propellant strength

and stiffness.

The above, combined loading situations, and others which may occur, (J

require considerations of cumulative !jamage effects iii assessing motor

structural integrity.

2.4 AGING AND HUMIDITY

The influence of the physical envirbmnent which a solid propellant

rocket motor experiences during its lifetime is e most difficult and

significant problem facing the structura\ integrity engineer, Of the

factors producing adversc effects which serve to reduce the ep-rational

service life of a solid rocket motor, the normal aging of propellants

and liners, and relative humidity level during storage are geherally
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accepted as being the mnost critical." M6tors are 61so frequently reluired

to be i•.erv us to salt spray resulting from shipboard storage and •\ '

"trans.0ortation, a d biological attack -(e.g.,, fiingus qrowth in tropical

climates). These !atter-envi'ronments are not discussed herein, however.

Some of the factors. which 'infTuence aging behavior are described in

Table II. Prbper evaluation 'of the effect of these storage conditions on

the structural ittegrity of a solid rQýKet motor requires consideration

of the physical, chemical.and physiochemical ch•anget of all age and

euviro'nmetit-sensitive system and subsystem components. Some of tihe more'

impqrtint factors influencing operational 'servJce life as well as current

practices of establishing4 nd verifying ser~vice life predictions are dis-

cuss•, in the following subsections. For convenience, the effects of,

relative humidity level are di!5;ussed separately from other aging

degradation mechanisms.

General surveys of environmentai and aging effects have been presented

by Fishman [16], Bills, Fishman and Myers [17] (97.0, 'Appiicationsof

M echaical Property-Testing for-Surveillance"), and Kelley [18]. These

articles contain rather extensive reference up to about 1966. Hence,

the references cited herein refer, for the most part, to more recent

literature on this subject. Of the recent literat.ure, references 19 tnroU~gh

29-pretty well, reflect the current state-of-the-art.

2.4.1 -RELATIVE HUMIDI1Y

The presence -of moisture severely degrades the mechanical and chemical

properties o.f mostý-solid propellarts [16, 17, 19-25, 30-323. This degrod-d

tion is typically manifest as swelling of the binder matrfx, rediction ih

Smodflus and retardation'of propellant ignition,_often leachi-ig of sbrface

2.25
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TABLE 11. FACTORS INFLUENCING PROPELLANT DEGRADATION OUR•flG AGING [18]

FACTOR K1ANIFESTAT ION FAILUME MODE

Change of Chemical State Ho-dening. embrittlewent. gassing, Inc-eased tendency to ci'ack dur-
i¢ccumulation of degradation prod- Ing storage, ignition, or tempera-

A. Chemical reactipt*ty of pro- ucts . viscous flow enhancement, ture cycling; possible burning
-Ilant components singu- change of adhesivity. rate change, impulse loss, igni-

larly or in combination tiion problems, and linear
separation.

S . ,hemcat Interaction with S s A; in Sidmte•, nonhcogne- S as A

enironment ity of propellant at surfaces tnd
within bulk. -

1. Atmosphere

.1a. Moisture
b. Gaseous or solid ae-

composition products
(aiutocatalys is)

c. Air (oxygen. ozone,
contamiinants in air)

2. Ot**r materials in motor Same as A Same as A -U

(liner, mt-atIs, etc.)

C. Factors whi:, may influence Time scale of degradation
rate of cnange

1. Temperature

2. Stress state

0. Irradiation Polymer crosslinking or degradation Same as A

1. Background

r 2. Induced

E. Bacteriological action Surface changes ULmnown

Change "n Ptyslc&A State

A. Reversiblc phy:ical thanges

1. Phase changes which Hysteresis of temperature-dependent Increased tendency-to crack dur-
depend on time and physicl properties ing storage ignitidn, or tempera-° ~tee~raturm "tnqcling.

2. Recoverable strains Probably minor Probably minor

3. Diffusion of mterials Monhomogeneity of propellant droperties; Crack development, increased
oxidizeo-poor surfaces, porosity, tedency to crack du'-ing toraq,

a. Gases shrinkage . ignition, or temperature cycling.

b. " Plasticizer

c. hoisture

2. Irreversible physical changes Cracks at fillets, line' separation, Incre'asedafnting areas and rates.

1. Strain beyond reversible b 'vjseus deforation, deweLting
IImit caused by: (blanaiig)

a. Gravity
b. A-crzrst"on (duning

transpcrt)

"c. Thormal gradients

to. Environxental tempc-atu~e.

2'26



oxidizer particles is observed. The mechanism of this degradation is

primarily a reversion process in which chemical scission of polymer

network cross-links and consequent reduction in modulus is caused by

hydrolytic attack at cross-linik sites. Epoxide cured propellants are

relativeiy insensitive to hydrolytic attack: Imine cured_-prope-flants have

varying deqees of susceptibility. Double-base propellants are usually

less influenced by'moisture than, composite propellants.

Moisture enters a solid propellant or liner-propellant interface

through a diffusion process. The depth of penetration appears to be con-

trolled by the relatiye humidity level, the ratio of volume to surface

area exposed and the duration of e)Dosure. Inasmuch as moisture is stored

to a large,'extent in the binder matrix,reduced strength and increased

elongation capabilities of .the propelllant are-observed at ambient tempera-

tures and above; wh1ereas 'at low temperatures significantly reduced elonga-

.tions dre observed, probably due to moisture embrittlement or freezing-in

water which restricts polymer chain motion. The strength of the liner-

propellant bond is reduced at all temperatures due to moisture diffusion

at high relatiwe humidity levels.
Available information suggests- that the effects of ',i-h moisture

content are more severe for propellant in a strained state than in an un-

strained state. This attribute may lead to particularly acute problems

during temperature cycling of a solid rocket motor due to breathing of the

p.,opeliant or rocket motor interior with the external ,envwronment. In this

situation frost and water may condense on the propellant sur'face and accumu-

late in subsequent temperature cycles, eventually leading to structural

,failure of the propellant-in areas of high stress concentration.
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Inasmuch as moisture induces drastic and rapid degradation of propellant

and propellant-liner bonds, exposure of a solid propellant grain to high

humidity levels must be avoided since it is not always possible or practical,

to select propellant poljkmers in which water is not sol'uble. Fortunately"p I

the-humidJty level in a solid propellant grain may be maintained at an

acceptable-low level-relatively easily through proper implementation of

hermetic seals and-dessication. Past experience has indicated that short

- nd probably even long'ter exposureto relatively-low hu 1dity leveels

produces no effect directly attributable to the level or duration of

exposure. It is generally "accepto that at levels below about 30% RH no

effect is observed".

The effects of relative humidity have also been observed to be rever-

sible to a certain extent. The original properties of a propellant grain

which hastbeen inadvertently exposed to a high humidity level, but whitd has

not yet structurally failed, jre substantially recovered by dessication of

the grain. As a general rule, the drying recovery time is the same as the

exposure time to moisture. Dessication vf un-aged propellants also tends

to remove moisture introduced during mixing, casting and curing operations.

2.4.2 AGING

In addition to being sensitive to moisture level's, olid propellants

experience changes due to normal aging during long term storage. These

changes-ire reflected'in changes in the chemical and physical properties of

th- propellant and liner-propellant bond. Unlike the effects of moisture,

however, the effects of aging are irrerversible. Most propellants typically

exhibit between 25 and 50 pe'rceit degradation during aging. The' discussion

here is restricted-to chemorheological aging. Mechanical aging degradation

S2.8
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results from sustained or, cyclic application of the loads discussed

previously and is normall' handled.through cur,•ulative damage considderations.

Several factors are•{nown to influence the aging characteristics uf

propellants which inturn affect the shelf-life of a solid rocket motor.

Theýminant aging mechanisms affecting propellant behaviw&r-w-,weh-nor-ma ly

occur simultaneously' are continued post-curing, oxidative cross-linking and

polymer'chain scission [16-18,20-23,30,31]. Additional consideration must

also be given to surface versus bulk aging characteristics [17,25-27,30-38]

tj and migration effects [17.20.23-25,33,35,37,39,40]. The infiunce of

these factors is dependent to a greater or lesreer extent upon the propellant

polymer and cure system,curd cycle, cure catalysts, ballistic modifiers and

agirg te'mperature.

Rost-cure curative reactions result from the slow continuation of

reactions not driven to completion during the normal cure cycle. These

reactions result in an increase in the propellant modulus due to the for-

mation of additional network cross-links.

Oxidative cross-linking is primarily a surface pheonoenon which results

from free-radical attack dt double bonds in the polymer chain backbone.

This mechanism also results in an increase in stress ard decrease in the

strain properties of solid propellants.

Chain scission is-largely determined by the cure system and results

in softening oy the propellant. This phenomenon, as mentioned before, is

accentuated by the presence of moisture; however, Hydroxy-terminated (HTPB)

and Carboxy-terminated polybutadient (CTPB) prooellants frequently display

this reversion process during high temperature aging. Polyurethane pro-

pellants also undergo chain scission during aging due to splitting of

functional linkage.

2.29
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.Distinct differ ences between' the surface and bulk aging chara'teris-

tics of propellants have'been noted jrimarily due to surface oxidation

of the propellant. This surface\ox.idative cross-linking results in a -

considerably stiffer propellant surface. Surface skin effects, notably.

hardening of the grain inner bore, has been observed to a depth of one-

half inch in some cases [34,36,38,40]. Significanft variations in the aging

- bqhayior of propellant aging in sample cartonsand propellant aged in

rocket motors'has also been observ ,, ,36,38]. These variations have

been attributed in part to the fact that motors are characteristically (
cured at a higher temperature than the oven temperature because of internal

exothermic reactions. Cartons, on the other hand, are cured at a tempera-

ture more nearly equal to the oven temperature.

Migration of soluble species is ", najor Loncern at the propellant-

liner-insulation bond interfaces [17,20-23,25,37,39,40]. Soluble species

such as low ,molecular weight polymer, bu~'ning rate catalysts, plasticizers,

moisture and degradation products may milrate acrdss bond interfaces

causing both chemical and physical changes. An e'act relation between

ingredient migration and the physical and chemical changes is not presently

known. 'Such a relation is influenced in'a ýomplicated manner by timee,

temperature, cOncentrationf and relative solubility of the migrating. species.

The predominant physical effcct of all migratory species is degradation

0'of the adhesive bond between the liner arid propellant or liner and insula-

tion or case. In addition, the propellant and the liner of insulation may

harden or soften eithey separately or jointly. Typically, migrating species

from t~e propellant tnto the liner or insulatior i'act as plasticizers causing

the -iner or insulatioW to soften and swell and the propellant to harden

and shrink resulting in high localized stresses -nd straThs at the bond

2,39
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interface as well as a weakened adhesive bond. Plasticizer migration

from certain elastomeric insulations into the propellant, on thp other

hand, normally softens the propellant. In ot~ier situations, suchas
I.\

a.curative imbalance between the liner and the piopellant, Ak hardening of

either or both the propellant and the liner may result. Cross migration

of Oeher ingredients may have similar results depending on the particular

ingredients and concentrations involved. It suffices to observe that -

migration invariably degrades the adh4sive bond system. -

Migration in composite propellants ha, been observed -to be particu-

,larly critical, in CTP3 propella;ts, which have a notoriouslhistory of

difficult bonding problem- to begin with; and for rellants employing

liquid alkylferrocene ballistic modifiers. Migratory behavior has . ..

also been' observed of diioctyl aze-late ,DOZ) and circo light oil.- The

primary migrating species of double-base Oropellhrmts is the energetic

plastirizer nitroglycerine. Diethyleire gl-yc6l dinitrate .(DEGDN),

triethylene glycol dinitrote (TEGDN), tr lmethylethylene trinitrate

o (TMETN), dibutyl phtnalate (DBP)"and triacetii are also known Co migrate

when used in CMDB propellartts-. Isodecyl Pelargonate (IDP) denmnstrates

mi-ratory behavior in both doublt-base and composite propellants.,. An

additional coocern with double-base prqpeiiants is the decomposition of

certain ingredients to form products which increase the sensitivity or

stability of the propellant.

The storage or aging temperature in-luences the rate at which the

above processes occur, the relative severity of degradation, and, to a

certain extent, if a given aging mechani fm will occur. In general,

increasing the aging temperature accaierates the rate at which degradation

takes place. It is also nctad that the degradati in prQpellant and

2



liner-propellant properties observed during high temperatkure aging is"

significantly greater .than the degradation observed during amoient

IP

temperature aging, even for prolonged p~eriods.pf time [17,18,25,27-35,41-44].

I,,

Post-cure curative reaction rates are accelerated by increasing the.

storage temperature. In this situation, high temperature agiitg conpletes-

K the normal cure process. Migration rates and the relative degradation ..
of the liner-propfellat adhesi~ve;bond due to migration are significantly

inhceased at high temnpýeratures.

Surface hardening due to oxidative cross-linktng also appe~ars to be-

accentuated at elevated temperatures. -On the other hand, propellant

softening due to excess chain scission over-cqntirued post-cure cross-

linking, npticeably absent under ambient temperature storage- conditions,

fias been observed im-ýCTPB, HTPB and polyurethane proppilants during high

temperature-.aging..

For the most part,Ach~e processes discussed i~n the previous paragrai

are de-emphasized under l'ow temperature storage coridi~tions; However, (
"an alternate problem may be introduced for composite propellAnts.

containing liquid'ýaikylferrocenes which may crystall}ize during low'

temperature storage, Crystallization has been observed to be most

sevdrefor propeliants containing n-butyl ferrocene liquid burn rate

\ catalyst at temperatures below about -4 0 °F [25]. T-his •hen••on has, been,

attributed to the ekisterfce of n-butyl ferrocene in a.siellcu•oed state;"

-which uhnderg oes a change of phase to a crystalline statL duc to shock

c6nditions ,na~ced by temperature .excursionsor mechanicalloading:.' •

,Substantially, reduc4.dpropellant elongations are obtained as a result
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of ci'ystallizatlon., Of equal importahice is the Dossibility of propel-

lan6t detonation. Since n-butyl ferrocee is a highly •ehergetic plast-

cizer any severe mechanical jol-t,such as a low tamperature firing, may

fractuie'n-butyl ferrocene crystallites thereby releasing sufficient

ehergy-to initiate and propagate detonation mechanisms resultiqg in

catastrophic motor failure.

In addition to the primarily physical effects discussed pre~iously,

aging also affe'cts the ballistic properties of so-lid propellant grains.

The normal ballistic changes are changes in burn rate. p'ressbre and

.,temperature sensitivity of burn rate and igniteab4lity caused primarily

by hardening of the propellant and evaporation and migration of volatile

catalysts [20,21,23,25,35,37,43].

MINIMIZATION OF ADVERSE AGING EFFECTS

The probiem of controlling and minimizing aging effects has only

been partially solved by the propellant chemist. The problem facing.

the propellant chemist is that of formulating completely stable solid

propellants which u6ndergo insignificant changes in all aging environ-

ments. This goal has-effectively been attained only for polybutadiept-

acrylnitrile acrylic acid terpolymer (PBAI'P propellants [34j, Which

typically 'undergo-about a .25% decrease in strain properties 'during the

first few mQnths of aging and then remain sta•le thereaftere.
------ . -- • - ..C, )

',- ,. . Cont ' nued-post-cure cross-linking is exhjoited by Ail composite' .

°rope, Ilants tb a greater~or lesser extent. One effective means of .
c ntrollin p.ost-cUre reactions 'has been to extend th e cure cycle to

<assure comple+ipn of. all'.nomal uý•. reactionhs. This techriquj,

, .1 2 ,3 3 .
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although effective in minimizing" continued cross-linking during storage,

may frequently result in undesirable, and unacceptable inaged propellant

physical properties. Alternatively, the propellant chemist may explore

S1/ different curati.ve/polymer ratios to obtain h gi.ve.f-degree of polymeri-

Szation meeting design target physical properties. The most desirable

meth-od of controlling the effects of post-cure reactions is to maintain

a balance between post-cure cross-linking arid chemical scission of

Spoiymer chains. For tiis situation the aging behavior obticned fr'ii

conventional aging of.bulk sampl-s is indistingulshable from the unaged

properties inaifluch as polymer chains are broken and new cross-links

- are-formed in an unstressed state. in a cornposite so'i d prope i an.

grain under ambient storage conditions, the polymerchains that are

b.vken are in a strained state; however, the new' cross-l-inks formed

are still in an wnstrained state. This observation has' important and

significant implications whfch are seldom recognized or considered in

conducting grain structural analyses. Nainely, forming new cross-links

in an unstrained state in propellant which was previously strained de-

emphasizes the importance of the effects of previous loadings'. In

essence, the propellant has no memory for prior loadings. S n effect

would significantly enhance the low temperature resistance to,. say, -

IrnavhrP b rerackPinn Mf an A"A fv'%"4 "', -Pet-4

would not be evident from the aging behavior of bulk samples.

Oxidative cross-linking is primarily a surface phenanenon which is

suppressed to a certkin extent, but not eliminateu )y the presence of

antioxidants.in the propellant pftpolymer. This effect is further

2.34
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nminimized by sealing the rocket; motor interior in an inert gas environ-

ment.. A positive internal pressure is often maintained to circumvent

breathing of the motor during environmental changes. This procedure has

e~fectiveiy reducea the promlem associated with oxidative cross-linking

to an inconsequential level.

Migration effecti may be reduced to tolerable levels through con-

sideration of the equilibrium concentrations of migrating species and
÷ha ri, nf minrntinn harko2 : Drimrill 6ffnr+ hac hoon ____rmfA ÷nwn"A

the elimination or reduction of the degradation of adhesive bonds attributed

to plasticizer migration. For composite propellant applications, liners

znd inz~aiHtinns hac- hben deveTopnead whirh arp resistant tM abhsrntion f

aigratlng plasticizers [25,45]. Non-functional plasticizers have also

been introduced into clastow.ric insulations intended for low temperature

applications. Conventional powder-embeddment case-bond ;ystems used with

double-base propellants are reasonably resistant to plasticizer -rigratioh;

however, the high glass transition temperature of the epoxy in which the

Li casting p.rowder granules are =hp,•._dded ini prer!,ides tse of rhis system at

low temperatures [20,46-48]. Adequate low temperature behavior has been

demonstrated-using a double-layer bonding concept [473. One layer, selected

to resist plasticizing and plasticizer migration, is used as a coupling

layer to bond a propellant bonding layer tc the case or i'nsulation. The

propellant bonding layer is attached to the propellant through mutual

diffusion and chemical interactions.

SERViCE-LIFE PRED'CTiWNS

Presently, the predictioti of aging degradation is largely based on

past experience with similar propellants, and on fairly extensive surveillance

2.3b
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test progr'amns. As noted in a subsequent subsection, however, surveillance

-t~stina 
is an inadequ~ate means of making initial s orvice-life predictions 

,iM

and is best suitod for revising service-life predictions during~the life- ;
- a-time of thpi6(tor and as a termi.,al measure of ultimate'service-life. I

In an effort to olftain 'an indicatin of the aging degradation of pew

propellant formulations or new liper-propellant bond systems due to long

term storage at dmbient temperatures short term accelerated aging tosts

are conducted at elevated temperatures. Accelct•ated aging test data are

then reiatV to a~ibient temperature aging conditions assuming that the I.

ratc of aging degradation obeys the classical Arrhenius equation I
..•' , I •

k' A exp(-E0AkT) (2.3) _

where

Srate of reaction at temperature.T 
I

EA - activation energyv assumed constant

A ccnstant

k Boltzmann' s constant

_""Equation (2.3) is used to predict propeillant..physieftl property degrada- ..

'tion by treating the. rate ofreaction k' as an average rate associated

with soime change, A, in a pertinent mechanical property, Thus,

, - (2.4)

Defining A has the critical change signifyinng the end of useful service

^ A% _ j IJ "_ I.- -c-

IC~, (2.4) aCUM23, mayP 11k -IN- UAWIMU W t Io % Oie l an We~i b1e

"t A' exp(EA/kT) (2.5) 2.36
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a IM otw4La' eqUdl to CuR. Equationl (25 inirflC1Ce

that a plot of log tý ve~, US l/T should be linear. This behavior has

- -bedn observed for some Oi-ope'll-ants as shown iý Detail 2 which presentsI 'data for polyurethane propellar~ts where A was-taken to be doubling of
WMY the initial strain at maximum stress- or the decrease to one-half of the

IrIILidi maximumi nominal stress. (AIt should t'Ie reccallled that poyue~an

propellants frequently underjo a reversion, e.g., sfeigudrhg

temperature aging. Most- poolybutadiene propellahts, on the other handý,

will harden under high temperature aging).
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temiperatires may be cross plotted as a fictRon of aging temperature asdi

shown in Detail 4. A curve of this type may 4e used for interpohting

aging degradatioh at other, storage temperatures. a I
i.r Iin the rae - This asu o l

U ,__ ::: LI -! ..

S4 0* -.-- -

-- l 11~. 01 - ---. -. . .-. i -a..

know ction in Strain "Capablity thataTtten- reit .... m

Ueeecsdwe sn h tagtowr A rrhe ius e Sty an D~rel ationsa

Detail 3. Detail 4. •

The validity of the above kinetic approach is basedon the assumption o a o t

thattlie same processes-.ccur .over the range of storage temperatures and -•

•) . ~ times; the only effect of the increased temperature, IS assumed to be an .i•"

tmincrease in the rae of-reaction. This assumption leads to the welli~~known rule-of-thw'ib that a ten-degree Increase in temj~ratire approxinmately i"

doubles the rate of reaction. This behavior has been observed to a

2.3':
certain extent for sone propefl . I "l, ........ ...... t

~~~be exercised when using the straightforward Arrhenl'us type relat''- " Ions••

• ._ ~to make service-life predictions inasmuch as the assui•Ftion of a cr~stant, I !

• I temperature Indepe-rndeint activation energy is ncet valid, and prccesses

.which do not occur, or are at least of little consequerle at ar~blcnt
• : 2.38
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temperatures are initiated at elevated,.temperatures. The activation

energies for competing processes (e.g.., hý,drclytic chain scission and

oxidative cross-linking) are most-probably different. Typically the

derdto predicted fromni c lrtdaging tests is substantiaily

* larger than that observed at idwer storage tem'peratures. Thus, the

conmmon rule-of:-thumb that 5 and l0, weeks aging a't 160'F is equivalent,

respectively, to 5.and 10 years ambient storage can be seriously mislead-

ing, and may result in eliminating propellants from consideration which

aer ade'quate for the actual storage environment.

Despite the inherent Oefici~ncies associated with accelerated aging

tests such tests are required on new prc ilant foi'mulatlons lin order to

Obtain even some indication of the aging characteristics of the propel-

la nt; even though such information is difficult to interpret at this time.

Improytn~mnts in the method~ of analyzing and interpreting accelerated

aging test~data are required, if this type of data is to be success- '
0fully used fcr quantitative service-life predictions in the future. Some

Indic'ations of possible extensions of present'atnalysls methods are de-

lu Ue 'in the following paragraphs. Further improvements in service,-

life predict~ixe capabilities will-be forthcoming from the extensive

chemical aging program being sponsors,"-J z~y the Air Force Roclet Propulsion

Laboratory. This study is aimed specifically at relating chemical changes

during aging,.to mnecharical propery chanages.

Temperaturea dz-peniierice of the activation~ energy EA iiiay be introauced

in a straightforward manner by considering the Van't Hoff equation f'rnm

which /Arrhenius obtained (2.3) [491,
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; I ]og kW, E.
dlok - •(2.6)

dT kT'

As an initial point .of departure, there is evidence (e.g.,.[CO]) that

tne activation'energy for fracture of viscoelastie materials is linear

in temperature. There are also indications that the activation energy

for • c.e,,,,, reactions is also linear in temperature [49]. Thus, as

a fi-st,approximation one may take E E- ET, where Eo is the act va-

tion energy at absolute zero. Substituting this expression in (2,6)
SK.R

and carrying out the implied integration,

k,' A(T) exp(-Eo/kT) (2.7)

The analogue of (2.5) is then

t = A' T' expjE /kT) (2.8)

- where n - k/E. Equation (2.8).incorporates temperature depend'-nce into

2 '• the activation energy EA; owever, it is still based on the assumption

that either only one process is occurring or that all processes have the

same activation energy. If multiple aging nechanisms are os-trring, which

undoubtedly happens, then onne maw wri. (2.8) a4ti th suggestion of

Ree and Eyring [51) in the form

t -£ A (T)n exp(Ei/kT) (2.9)
I

where n= k/EI. Equation (2.9) may lead to fruitful cMslUlts if one

considers a separate activation energy for ea-ch qf thes conc-nr-.zt pifocesses of '
chain slssio-n, o-ieat';ve z-,,s-i1nkUn9 and contipued post curing.

These actlvatiu eriergies may be related to changes in, say, cross-link
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densi,ty in an eff~ort to relate molecular parameters to obsOfrved mechani-

cal behavior.

Mechanical properties (2,9) enter only through the damage index Ai

the coefficients A. It will be recalled that A 'is defin~ed as 'the critical

change in a particular parameter which signifies the end of useful service

lift. Inasmuch as the stress state dur'ing aging has a strck'?g inflvence

on aging behavior, as no..:J pr-eviously,,it may be desirouý to introduce a

more direct dependence on the stress state. This may be accomplished by

rewriti~ng (2.9) as

t =E A1 (T) exp[(Eo )k](.0

where W is the work done in the stes state] (2 ineet ]ihnh
usual context, of the kinetic theory of the strength of solids W is taken

to' be 1/2 cc, ('i.e., 'the.strain energy associated with uniaxi~a) tens )na

on molecular bonds). However, inasmich as we are not attempting, or

Ilk& suggesting, th'at this~a~proach be interpreted molecularly in the context

of thie classical kinetic theory of. solids, a more general

expression may be considered from a phenomenologicall point of view. From

this point of view, W, for example, may be taken to be the energy of a li near '

viscoelastic material as roted In [52]

f t
W .0 j ij (-0 s. (T) dT d vol (2.11)

corresponding to the loading history experienced by an aging propellant

grain.

F- tb"' t eiiratwure dependence into W in an

ad hoc manner througb th-e assumption of thermorheologically simple material

behiavior. C
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While the above approach is probably simewhat mor~e geneeal than

present methods of analyzing accelerated-aging test data, it &,oes not

account for the fact that Certain processes occur at elevated tempera-

'tures which dre 6f no impoi'tance under am'bient temperature storage

condltiofls. This behavinr m~ay he aircoiinted for'nncsibly by intrnmiring

a threshold temperatureefor a process in the expression for the activa-

I* tion energy for the proc-est. "rhis temperature may also be incorporated
intd the expressfon.-of'a W and a shift factor rela~~ng storage-tempera-

ture and time with degradat~ion dedu~ced. Clearly much more work is.

I ~required to quantitatively define the relationshipi between ambient

and elevated temperature storage. Our intention here ~is only'to point-

out a possible approach and hope that it will stimulate further study

on thils-complex problem. cntttv qain o

Diret dvelpmet o costiutie euatonsforaging viscoelastic

matearjals' is another aporoach~to the problem of predhjlng the aging

be~avibr of solid propallants. For anwaging, linear Vis~ceelastic material 0
a general differential constitutive equation may written in the form-i

K-,n+ P_ (t) + ...+ + P t a .[qo (t - *.. + q (t Ie
Ldtndt n1  ni% dO 2.2

Lubliner [53] has poin~ted out, however, that selection of' a model for
a.--

representing a tigme varying material requires mo're- ca~re than for a

time invariant one. It -Is also noted that Vt.s solution- of (2.12) becomes

complicated except for the nw-st simple -Adels.

Pis to introduce a time depr-dent kernel (i.e., relaxation function) into

2.42



4 &

I

thi common Boltzmann integral of linear viscoela.caty k t-

t .d4 k (t" (T) d- (2.d

- /-In time-irvariant linear viscoelasticity, k(t,T) is simply the re-

ax~ton f.i.n..t.n V-1, S.,ar fcn,, dy be chosen tor the aging,

kerneT-jt,T). Rabotnov has iiscussed two-forcis of k(t,T),

O k(t,-E) :h(T) dp(t T) (2.14) ..

'-Equation (2.14) has been used to descrIbe creep in conkrete, and (2.15)

: is_-.queotly, encountered in solving problems in the theory of heredltAry

elasticity with boun-•aryconditiin/s given.on a vari-able bounda'-y. Su'b-

,- tituting (2.14) into (2.13) gives -

fc A

"whereas the func.tion g(t) in (2.15) can be extracted from the integral

to give

' , (t) g(t) b(t-') s(T)d. •. (2,17)

"Tiie functions h(T) and g(t) characterize the aging behavior of the

material and may be determined experimentally from tests-of aged sp1c•,.

Aging effects may also be treated within the-framework of'reduced

variable concepts in th- sa_'u w-an'-r tha tCnpcAt~re is under the il-lr1-

assumption of thermorheologically gimple materidl behavior. Fulmer

[54,55] has successfully,.treated environment, as a redaced variable
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i inivestigations of, q creep failure of bolymers. Stauffer and. Wineman

56] recently suggested a mole formal approach which represents a~ex-

tension to the tnelmorheologi,,eal lytsimple theoty. Their studysuggests
an a iTng\fcoustitutiveoquatio• t for

a(t). , E t (s d: ( . 12.18a) i

where t~je functional P(s) is tfie reduced v'riable characterizing the pffect

of environment~on the relaxatjon modului. It is clar that the samei Q
I consi&rations :an be introduced'into (2.16) or ('2.q) and also into the

previous kitneticý approach if a technique, such as the idea of a threshold

temperatuire•, on be successfui1y derived ror' eparating mech'anism. which

occur at elevated temperatures but niot- at lower temperatures,

* The reT•xation function" E is determined in the presirnce of the
* environmental h~stor Y for the entire tine •niterval (--,t2k Stupposing,

for diScUssion purposes, that te welaxation rmodulus ,is determined for

a -series of aing'times at constant temperature. Then., se'ries of ,curves

as depicted in Detail 5 would result.

tim

A

I--

S. .... pro4pertles
- ",time '""-'+-

Detail 5. DEPENDENCE OF RELAXTION FUNCTION ON AGING TIME AT CONSTANtT
STEMPERATUIRE.,.,,

- - ..,

• •. .,,-. 9
A,+ • .. ,. . . .-... ..N . . .



Changes in glassy and rubbery response may be accounted for simply

, through scale changes. If the sl^pes through the transition regions are

identical for all aging times then a shift function may be determioed'

relating aging timieto.relaxation response. If a relation between

elevated and ambient temperature aging can be developed, than a masteý
I-

,temperature-time curve for aging may be constructed in the identical way

that a master relaxation modulus curve is constructed. If the slopesIr ,
"through .the transltion region vary with aging time or temperature, which

they will do, then a more complicated reduced variable must be intro-

duced., In principle,. It-should be poss-,ble to do this in a manner

analogous to th. construction of strain and temperature dependent shift

factor (i.te., by verticjal as weil as'horizontaltranslations)" Rotations

;nmy also be 'required; however.

The reduced variable approach for Sfudying the effectsof aging is

-appealing for several reasons. First, the approach is quite general..

It is equally well suited for studying the influence of other environ-
merits, such as humdldity, irradation,• "bioliglcal conIuamination, etc.
Seccndly, the approach is also suiteo for. assessing damage inflicted by

* mechanlc~l aging. By introducing a slightly different nbtation and a

more general interprctation, (2.18) may be'cast in the'form siflir to

the equations discussed in CI, apter 11 for describing the permanent r eory

behavior if. solid propellants. Thus, by combining various as"-ýcs of

the reduced variable appruach to aging and enviromental effects discussed

here with the developments of Chapter 11, it is not too difficult to

see now a general ncnllnear constitutive theory for solid propellants

including" the effects of aging and enyironment may be developed.
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.The reduced variable approach to'aglng may also afford a more dieect
opportunity for relating chemical chanAges durig.aging to observed

rechanical behavior from the molecular viewpoint of..Kellev and Williams

[57,581. Chemical changes may'be dharacttrized 1'y thefr influence on ;

reduced variable. For example, the equilibrium modulus Eel frcm rubber-

elasticity theory, is related to the crosslinP densit'yv;
e

f Eea 3- kT ('2o19)

Thus, the vertical scale changes in ', shown in Detail 5 Obote, are

related to changes in crosslink density. Observing changes in crosslink

density through changes in the modulus, in swelling with aging time then

supplies the information for determining a vettical scaling shift factor

for'Ee. Aging temperature effects can be Incorporated as discussed'-

. previously. r(hariges in other molecular parameters with aging time and

, temperature can-be ased in a zimlfiarmanner. Chain sclssicn may be

determined fr m ch.-nges in 'blndcr molecular weight. lThe c6bined effects

iof conctrrent chain scissitn aad cross-linking can be separated to,a

c certain extqnt and measured by continuous stress relaxation\ard intermit-

tent stress, masuremeht techniques. Dielectrii, and dynamic properties

can also Me Osed to measure changes in internal structure (e.g., molecul.&r

Sweight, degree of crystaliinity, dewetting. crosslink density, conforma-*

- tional changes, etc.). OxidMt f 4tn -may--be measured-by tecb-

niques ;uhich determine awounts of free anS bound oxygef,ipA pro•r•llart.

De nmination of these and other kinds of chemical chp.nges during aging

and',establishment of fheir relationship to mechanical behavior should lead

to a better understarlding of-aging degradation and a More realistic.appro'I

to service-life predictions. A, nluportant consideration -in studles, of th-4
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'yoe is that only chanqes in'mechanicai oronarties whirh xro "eleaw-+t

a motor ItructuraI- inteiri'ty determination shbuld be sought; extrapo-4

lations of proo~i'ant propert'ies which do not enter directly into a

sr-uctura-lintegrity analysis can be'seriously mi~sleading.

The lenjth and-~breadth of the discussion here on's'ervice-11fe,

prediction Is indicative of-the lmportacce and severity of this nrobleni.

While this pre:;entatlon has not consjoered present methods of ,_,i-.ing

0service-l-ife predicti~ns'jivfdetail, several a-prbaches have bein described

which nemcie certain deficieficies from current service-life predk-ctio')

me'hos. Soui coinbination of the approaches describeid above, coupled'I-

with the informatioriforthcoming from the Air Force sponsored COerical

Aging program, should lead. to improved se, -if predictive capabilities.

Current techniques for maki"ng service-life predl0~~ons are adequately treated

in Riferences0 17, 28,. 33, 42, 44 and 5 9 through 67;

* SURVEML MICE PRDGOGAS,

O In recdent years, due to a general lack of confidence in servi~ce-life'

-predictive-capabilities, Mssive surveillance programus 'supposedly aimed at

maximum-cost. effectiveness are inltiatid with each new mnotor program r17,

26-ý9, 38, 4g-44, 611, WhAle -it is not our- intention to fully revie'w past

surveillance prograI!B- sowe of the nvre ivwcrtan~t factors which contribute

to a meaningful surveilianct prog ra-mwlll be briefly discussed. .*it-will be

seen that surveililance program~ achieve maxim'um effecttveness when they

function-as a terminal meA~urement of ultimate service life.

FOllowinj anv initial service-life prediction based'on analysis of

accelerated aging test data by some means such as those mentioned previously,



propellant samples, subscale-prototype motors and full-scake motors 'are

placed in storage under service cond tions 12 to 18 months before the first I
delivery of-production motors. Periodically, subscale .and full-scale motors ý

are-test-fl red to 'determine ballistic changes. gJhysical property tests are

also conducted to evaluate degradation of particular paraweters which are

determined to Weimportant to the determination of grain structural integrity.

These tests should typically involve selected uniaxial., biaxial' and triaxial

bond adhesion. t~sts at various temperatures under loading environments care-

fully designed to simulate the motor loading envi ronment. Rec~ntly determiha-

tion of the cohesive fr~acture energy has been added to the list of relevant
parameters [68]. An assessment of damage accumulation may be4 provide'd by

conducting combined and repeeted loading tests making use of =Wmuative

damage concepts [17, 27, 28, 59, 60, 66. 67, 6gb1 Because of the sfIgnifi-

cance of the dl fferences observed beb~een surface/ ýnd blagncarton

and motor aging, arid aging in a strained versus/h~f stress free-state proto-

typ so!scale motors should be aged and.period'ically tested te failure under'

a critical loading environarnt, such'as, for ,exampl1e, low tenmperature cycling.

Odcasional dissection Of full-scale motors allows correlation of the behavior

observed from car't~ storage with that observed fromn motor storý'ge. evaluation

of-aging in acstressed`state, and eiv'aluatiot, of surface and 1itkerface effects
i n the full-scale wotor [24, 33, 34, X6- '49, 48, 69:! Miniature test speci -

mi-is, have been developed for determining-propelLant properties neav~ the

inner bore surface and the case._graininter~face tL3,39, 40, 70, 7413.

As 'these tests are evaluated ter-vice life predi~ctions may be, continuously

tipdated. Contingency souples; should be provided in eni agling surveillance

*program such as this to substantiate that a first failure does indeeit,

2.48



represent a deterioration of motor service life and to obtain 5tatistical

data for predictions of mean service life and probable distribution of1

fail'ures. Extreme value statistics may be used for predictions of a first

failure. By allowing 12 to 16 i,&nthq lead time on controlled acting of

motors and propellant saiples, sufficient time is provided from the first si
indication of motoryage-cut to determine an appropri.•te course of action

tor the motors remaining in the field.

A comprehensive surveillance program, such as that outlined in the Ii
V>Yprevious paragraph, is effective in evaluating the ultimate service-life

of'a solid rocket motor; however, the greater usefulness of such a com-

prehensive aging program is the rat 4 onal basis it provides for extending

the useful service-life of a solid rocket motor beyond contractor require-

ments or objectives. The value of this capabil.ity is readily recognized

when it is recalled that in" Southeast Asia, as in Korea, it has been

necessary to use weaponry which has gone substantially beyond the predicted

storage life.

ENN-DESTRUCTIVE TEST TECHNIQUES.

The romprehensive aging program outlined in the previous section has

one serious drawback; namely,, the high Costs involved. Testing of propel-

laht samples aged in cartons is not too expensive; however, structural test-

ing of aged'STV's and full-scale motors, and dissection of full-scale motors

'for propellant samples is quite expensive. Furthermore, when discrepancies.

exist between the controlled aging enviromnent and field service conditions,

or when uncertainties exist about actual field conditions, it is frequently

necessary to remove motors f,-om field storage for structural testing if a

meaningful evwduation of motor service life is to be made. Removing motors
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~~zn 2..O bn nait a crnu h rrid etetion I
has been given to the development of Mon-.Destrtuc!'Ave Test (NOT) techniques

which are ap~plicable to sclid propellant surveillance and which are adapt-

able to field use.

Soine of the NDT techniques i-n use throughout the i~iustry are swnimrj-

zed in Table 111. Not all of these t;echniques are readily usable for field

inspection of in-service motor~s, howev~er. Also, these NOT inspection tech--

niques are usually adequate for determining if failure has occ~urred in the

form of crackingi, ulribonding,, etc.; but they are, for the mos~t part, not di- 0
rectly applicable to an assessment of proppliant or c-ue/grain bond degra-

* dation due-to aging. For these reasons, recent efforts have been directed

toward development of NDT-mettods for recording changes in physical pro-

perties which are relevant to structural integrity detemiui~hation. Hardness

relaxation measurements have been suggested as a mieans of evaluating surface

agin~g[72J.

Emb'edded gages have 4lso ;been suggested for monitoring changes in pro-

pellant properties. The instru~mentation i'equire4. for monitor1ing internal

stresses and strains in a propellaint gri is not avial -sithin tepre-

sent state-of-the-art technology, however, This instrtumentation problem is

dif~figult and complex. Satisfactory solution requires a knowledge of the

stress-state existing in the motor and complete characterization of the

propellant response.

The Air Force Rocket Propulsion Lbboratcry is sponsoring the develop-

ment of an enbedded gage for nm6nitoring changes in propellant properties

due to aging in a solid rocket motor. This instrumentation is vitally

needed; however, progress on this difficult problsn will most likely be

slow and the development of reliable instrumtentation will probably take

several more years' research.,
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2.4.3 ''LOSURE

Frr ; rvosdsusosi 4 espnta ~lxpolm
are~~~ ~ ~ ~ ~ asoiae wihaigad-h xoueo rp-tgant h

enlrnmt Thzslto tIhs rte sol atl opeea

tact wit the renvirormnt Tiheussonei s c sn he seen wth atgingx are ore com

Pex, howiever. Thle uoluti' mtsolutheeironto~ irbes asoncyiated wilte agtno

corse, issociate d with ging ndt~o poellants an prope~llant- nra ton sythems

whic presnot aghe. Advese objective~ repreent aificl task evrnieqirtingy t

controlle oy w~rtno and balane ofproseat curant oe reatiosewthy hnmcon-

s~ct isstionvro*n. These undertaingssas ated prviusthav aonly aren partcia-

coy urse, is thus farln.o Sevrapllastuis are proelsent-lyindera whicd systel

: 1 :z 1 Zowve, evra o !Z 0eye ::o nensiv researchl ask requirend for

'In the aufthrs' opinio" p~ost motor failures do not result from a

design 4afWciency, but rather,~ ',rr the "result of some. obvious defect in

prbcesing ttrat could hive been avoided through thoughtful- consideration of

* the prncesslng merodt and controls Mqieiured to mi~antain the structural

integrity of a solid propellant grain. To overcew the occurrence of

motor failures attributtatle to prbces's.ng errors it is oecessary that the

structural integrity enginter be famillvir with the actual m~ethods of motor
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manufa4ure, the-processing &ý.rtrls that are feasible In a plant operation

and the controlF that are necessary to maintain motor structural integrity.

Thus, the purpose of the dlscus:o.%n herein Is to acquaint the practicing

engineer wi6 some of the more Important manufacturing and processing

consikarations which are rWiated to motor structural integrity. The

emphasis here, is given to the pdsystems existing in roicket motors

. sli bond failures repvesent the n.ajority of all motor failures.

The Integrity of any bond i-n a solid rocket motor is directly related

to the processlng_. mthcds. Good precessing, methods Tead to reliable bond

systems, whereas bad prmcesing methods lead to poor bond systems which

*i i~weiably resuit'.i!ý costly repairs, 4nd in s.one instances, even in motor

rejection. In fabricating a stress relf'f flap, caution must be exercised

to ensure the bond integrity between the flap ard the ,notor case, within

the flap, and between the flap and the propellant.

The bond between the flap and the motor-case is the strongest of all

interfaca-l bond systems and will represent an area of coqw ern only if

Impi'oper bonding techniquez are used. The best"bonding procedure is to
vulc.-nize the flap in place using ancured or only partially cured rubber

stock. An alternate, equally acceptable "-thod is to use a high tempera-

ture (3OOWF) adhesive system to secondarily bond a cured rubber flr, to

the case. In this case, it is nccessary to determine any detrimental effects

the high temperature oost cure of the rubber flap may have orn the strength

and compliance characteristics of the flap or on the prooellant - liner -

flap bond-capability. In the event that the high temperature cure does

result in Z'rious degradati6n of the flap material, acceptable results

may be frequently obtained with a low temperature cure (160°F) secondary

bond. In this case, as in the above cases, proper prucessing methods and
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controls vith regard to cleaning and su~fce preptration~of theý case and

the flap, and 1"he aging conditions of' Ce adhesive are- a prerequisite for

obtaining acceptable bonds. 7he quality of this bondA s norma~lly deter-

mirned fromi single lap or double lap~ shaar tests.

The integrity of the flap is asstireed only through vulcanization of

uncured rubber into a continuious, orhe-piece fl ap. In this process, it is

't desirable to vulcanize the flap to the motor i~ase simuitaneouslyo if possible,

to avoid the use of secondary bonds.. Seconda-'y bonds wi thin the flap

i tsel f are usual ly r.)t recommnended. The potential savi ngs', 'when compared

with costs in time and money of extensiia repairs, are not sufficient to

justify secondary bonds in this critical region,. The quality of this bond

[is determined through small angle arvi lerge angie tl8fi"F) peel tests. The

small angle tests are probably more reprenentative of actual motor coaditions.

[ ~The interpretation of the results of either -test is, at-best-,--nl-y qual-i-ta.-

The integrity of the-propeliant-liner-insuletior. (i.e., flap) bond isIalso,, to reiterate, related to pr~ocessing methods. Tks quality of this bond MU

is normally determined through bond-in-tension and peel tests of' tfie propel-

lant-liner-insulptiofl interface. The acceptance criteria for bond-in-

tension tests is that the interfacial bon4 strengyti in tension be at least

as great as the propellant sttength, and that the observed failure mode be

Acohes mb failure on the propell1ant.

The question of when a failure is or is not a cohesive failure is still unre- A
solved. As a general rule-of-thw~b, however, one may interpret a cohesive
failure as one in which at-least 1/16 inch of propellant remai~s on the
liner surface. The primary requirement of a ,good bond system Is that theI
strength of the bond be as great as or greater than the strength of the
weakest component of the system, however. -
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peel tests.. Tn these tests, as in the bond.in-tension test, ft~would,be

Sdesirable to have a" cohesive failure in the propellant, liner, or ev--n in

,%the insulation. Unfortunately;, the failure mode, and of course, the

feilure load, i~s greatly influenced by the angle of peel, the partir~ula~r

type of peel specimen b)eing, Lv-ed,' an& the rat 6••'e test. TKO resu'.t is

that peel test dat~a are extremely, difficult .t 'trpret quantitatively.'

"•Most present peel analyses do not~indicate what the peel capability of a

SdpartiCular bond sys-tem under a'gi'ven load environment should-be, nor for

that matter, do they assess"ithe ewrespondence between )e'Ll" ang'le ip a

motor and angle ef~peel duringFa ,laborat~ory peel teit. TAu,., these tests"

- --

are only~qualitative and are of 6oz~t use in comparison of aaJhesive systems

or evaluation of p.rocessing studi-es. • :

.• More quantitative results of adhe'sive 4ond,.sy~st~ mayv bý obtalnd

-, from the bli~ster peel test [73•,74]. The result: of thi's -test may" be-

appliled -directly to Assess ,týhe. i ntegri ty of a-givyer, propel Ilant/liner/i nfula-

ZII

peelntess. Iond tseytest s,- aser, these tests are net conducted ntrouid e

bass yet. Also, with theslefilure in th ppe blla t, liner tevin i,

.there are no analyses available.

In the previous paragraphs, major emphas•i's was placed on ob'taining

cohesive propellant failures. Tihe justification for reqiring s th ype

of failure is based on the heuristic argument tho past .experience-with

solid rocket motors has indicated that grain unbonding'at grain ternmira-"

tions is much less likely to occur when laboratory test.sof the-bonresystem

have resulted in cohesive propellant failures. In the event, Wal laboratory

tests predomienantly result dn adhesive failures between the propellant and

pliner or the liner and insulation, correctnve measures should be,.taken

prior to mneufacturing a motor, almost irrespeecive t f the faiutre loadst
2.5 5 -
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Ther'e ar~e several means olf improving~ a b'rid ýysen tv avoid adhes Ive *

f a iUres.. Usually only minior modifications ave~requi red. It is~a ger~erj,>ý

ally accepted fact 'that~the rnaj6'rity ,& all adhesive fa IIu r~s in laboratory

cedu'resg, ThMs the mephods o-F manufacturinq~the laboratory speci mins

should-1irst be revie'wed to ensure that OroRpA c~ie~i a 'S¶$elt

'su~fce:prqPtration of all~bortding'sq1rfaces), and that adhes'ives, 'ir4ers

adpyiopel.UI~h wer n.ued the ovcmanr Thag stae
COndlttioS Of l-in&Poplat'n aidhesive ingrediefits; O~ould also be-

evaluate.4,snems = and pdesives are greatly influenced by
**. 4t-these factors, anid they have a defintai, rtstricted shelf-life. knother --

ý,factor worthy of serious ccnsideration is the storage environment of

"tabgratory test specimens. prior f.o their testIilg. It is well known t9.hat

the storage envi roevuent is a ma.jor influence of bond strength an lurb

in~dei., ence, early consideration should be given to rsic o the

hwettvNimdity lee n h tshvedring specim'en hindl-ing prior

to, testing and.',urfgtestng i hsregard, the use of solvents -in

sto6rage anid test arias sh-puld be avoideed.
Ini the-4'nt that ad1hesive-failures~or low strongth bo.1 s still

predominate aft" considering the factor-S in thA,. previous para~raph,

extensive proces~ftfig studies inay be employed 'For ft proving a: bond sys ten.

Liner-propellant failure strengths Increase Viet~ liner tliickneS.4 isiAn-,

'creased. Wh failure mode also tends V5ýard a cohesive Prop~aiat -fai 1Lre

as the liner thickness increases.- Thu's, one 091nificant processing study

is to deteri~ne the iiner-propellkfjt strerigth ard failure~m'm as i functlo~n A

of liner thickness. Liner cure or prerure prior to propellafIt castng also
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Sn Inf1 u len s liner-propellant &ond strength and failure mode. Hence, bond

studieS mayhoe performed to detetmihe the optimum liner cure or precue.e;

Various diffe'ent surface preparation techniques are elso worth considering.

Typlically,-the best bonds are obtained with rubber surfaces which have Len.

sandblasted and loose .particles i'emoved by dry inert gas flOw, or by acid

etching. Ultraionid cleaning i dethed ppear to be a reliable means of

cleaning hard surfa~es quch as metalz and plastlcs.• In tht'ase of sand-
-. :4

bla5te•'surfaces, care should be exercised in choosing the grltsize to.

avoid damage to the insulation and in maintaining a dry gaS flow for
%l.-a

removing loose particles. Vapor degreasing after sandblasting'is 'not

recommeoded un-less the ptrt has been ;.xpos-ed to the atnosphere-•fr some

,ime, in which case, care must again be exercised to make sure only clean

3 . solvents are used and no solvent remairts on the paft. Acid etclhing

* generally results in excellefit bonding surfaces. The precaution that must

be takin here .is to control the depth of cheiic•il 4ttack.. hcid etching is

u•desirable ,or'small rubber parts as it is veiry e~sy to sariously degrade

"7, the bu'lk rubber pr6perties., ,

( It"is worth rnentioning that slmilIar precautions shoul.d be t~ker, with

regard to obtaining good Insulation flap-to-case bonds and flap4o-flap.>

bonds. In these instanc'es, processing studies similar to~th.se mentioned

"above may be undertaken to i0prove a particular bond system; An additional

.nsderation here' is that of the 'pressure environment durtng cure of the
sv I -Mainta.! uniform.pressure of sufficient magnftdde is of

ri•ticuWhr impptmnft6- when dealing with pressure-sensitfve adhesive f4lms.

n all Taborato,7 processing studies, only those processing ne~ods'

which ca.be carrip cover.into plantmanufacturing bperatit.s, wittf due.

regard for-. Gsts-inWolyed, should be considered.

-A!I
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* 2.6 NO"ELATURE
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III. PRELIMINARY DESIG! ANALYSIS

3.11 INTRODUCTION

A preliminary design analysis of a prospective randidate motor con-

figuration determines if a given grain design has merit and possibl-y

gives qualitative or se~i-quantitative indications of hiow the design

may'be structy laly improved. At this state in the ana lysis of a

solid propell~nt grain appr~oxlmations and simplifying assumlptidns inI.the analysis methods are war'a-ptWd. Design data sheets and approximate

engineerihng formulas ara rae-otmer-ded for the analy';is Of convefltiQnalap
motor designs. Extensive num~erical analyses at'this level are unwarranted.

The add~itional accuracy galned from using a computer analysis is d'ften

unjustified in view of possible approximations made regarding, s~ai

material properties or 4faildre data, and also, the uncertainty 'ft

f1inal design configuration does not jtmtify the expefise of conputer,

analyses. An excep tion may exist ini the case of new or novel grain

designs, in which case, comruter an~alyses may be re~uired. In these

cases, and particularly in the case of radically new graiin desiýKs,

development of new analyses coupl~d with experimental su:)sr.le motor

tests is recommended in place 6f relying on computer analyses of

questionable applicability.

.3.



Iqtte, Iol~lo~ing sections, -approxim~ate- erigineering tnays~is pethodi' are

>r the. coi oiad~ ing, rdthis ns c ihcvssed in Chap'ter 2, The. api~roximnate-
methods cosiird n~hi cat~ of formulas for calculating-stress

es strai .a'nd deflections' for thick-walle~ holipw cylinders. Empirical ly~

derived.re'latidrships~fordetemnining stress concentration factors for slot-

,ted and star .c~bnfigurations, and4 ctifes o~f fAni'te lengtW~end correction
facorý,are incladed. The presentAtion of this material has beerparmtr

ized in.ter~s -ofj web fractions and length to diarnet& i'aýaios7. Beca~se of the

approximate Iprelimin-ary ,naturo of the 'analysis mieth',dq discussadl4,ný-is

chapter only ,e expressiont used for determining maxinibm yalues of stress,

strairp and deflectitil are 91ven., These valu~s are sufficient for a pr'elimi-

nary -design- ';analy ~ s7. rofiles of stress, strain ana deformation as a func-

tfon of le'ngth for fini~te ktngt -hollow cylinders have been obtained by

me~s~~ mtedifference~sOuTtions *.0 the equations of'elasticity formu-

lated in termns of- 5Sruthwell stress functions. Jhese resultsý -re contained

in the fonnof pavitnetric cu~rves in ref-trences 1, 2 and 3.

*Extesv param~etrit curves-*whfch :,.ifcinl sipiyeiiayI ~ design analyses are presented- in Append x C. *

The pl~opallaat is, assuned to be in~omipressible. Ifhe influence'of

/Poisson~s. ratio, on. stresG and stranrsos is discussed in a subsequent"ý

ch-Aier SI

The analys~is meth6ds. ptesented here are based on infihitesimal linear,

tlstciy hery hepetien e~aons of elasticity are sunimarized,

in, Appendixk '~to this handbook.. Indicotions of'how time~,and temperature

effecti may'be incorporated are also discussed. For the-most part, because

of the\oreliminary nature of a pteiirninary design analysis, threse mouifilr

cattons areapnt called for-et the preliminary design stage.
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3.2 TfPWi•TURA LOADINGS

Therm.l stresses and strains, as'discussed in Chapter 2, result

from a difference in linear and bulk coefficients of thermall-expaions -o

between the propellant and thie motor case. Typical values of the

b redticed" coefficient of (linear) thermal expansibn for pol1.Sutadiene

aPrJ double base propellants for various case materials are !listed below .I

PUKEDED COEFFICIENT OF THERMAL XPA • SGN,

Case' Pr"pel i ant
-Mater ial" ' tDouble Base

Steel 25 n7"' . -F

Alw.i num. 4 x 10, .,. X" 7. ".

. Fierlas" 5xO1-5 95 x 5

" ylon 66 , x. 3.7 x 10-.

These values of a. are represntative of manhy propellant* in these

two classes of'propellants. *The use of tne above values is reccmnended

.'when thermal expansion datV-kn the particular propellant being considered

,is unavailable: Most-prdpel!Ants will not have .reducqd coefficients of

thenmal expansion, which vary more than.± ten percentSfrom the above value3.

In performing themal' strs-ss aqd strain analyses, the calculations

"may b rerfeered to the pjopel lant' cure'temperature and cure shrinkage

stresses and strains superposed, or the calculations may Se referred to

the zero stress/strain temPerature of the propellant, T. This tempera-

ture is deflncd to be the terioerature at which thermally induced stresses

"The 'reduced" coefficient of thermal expansion occurs frequently it,
thermal stress: and strain analyges and is defined by the relation

0R = p - [(T+ Vc)i(l tV/ •c.

3.3 - I
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Iand strains va~nisji. 'Beau~e of, pr~opa ant shrihnkag'a during cure, the

z~ro st~ress/strain temp&4ýure will 'De hither than the citire tarperature.

Iti~ofeniire -convenieiit t� o, keh '&r0 tsiT~r~ tr re

as the reference for thermdl. stre.ýs'ahalysis, '

The tlio eratu~e TV may be Convenlentiy determiined by several tech~-

niqties. Qme met~od is to' subtract the Oquivalent.'temfperature'dacrease,

asso~ciated with the cure shrinkage from the propell ant pure taperature'

'C p

where T i's the propellant cure tam~peraiure-, a Us the propiefllnt linear

Scoeffi ci.ept of thermitl expansfon and a -is-the net volvmevric cure shrink-

age. The net volumetric shrinkige of polybutadiene pr~opellants is typically

* .'002 and that of .slurrisy cast doub1l basi propel ;ants O.095. The shrinkse. of

conventional c~ast double base prcpeilanta.1s considerably leissas iridi~cated in
* ~tle Oreviouq chajitrx.1the-se Values are suffi-,cietLtlY ýr'presen~tative to be

valid n preimina7.r si-y-ss
Alternatively, the zero's~tress/straiin tenperature may be, detevnidned

from~ analogue .or subscale motor tests. In the~e testi- the twemre.at~re
of the cure4 motdr is-flowlyraised above ~scu're temerature and

tes~~ents of-the internal coiffigurat~dh versus tompdrature are re-
corded. The temperature at whichf the internal gmtwnitry of the miotpr.
coinocides wi~th the ori~ina1,z mandrel ctrtfiguratfon is then 4efined to be.,
the zero stress/strain' teperature. iReasurienetts m~ade in this mannir

-Cir'icate that is Zypically ISOF higher than the liropellant cure ton-

Penipture for pollybutadi ene propellIants and -?2"F highar yeT-' double -base~
j4.5*

propellants These temperature increa~es are In ciose agreement

- ~~3.4 'x



'wi tb those calculated u~ing equation'(3.1) anid the values givern aboveP

for typical volumetric, cure shrinkage of these propellants. These values

can be safely Uised in preli~minary design ana~lyses since there is little

vafriation for a large number of propellants.-

*3.2.1 SHRINKAGE DUPING C1uRE

The volutnetrlr-cure shrink~age of most polybuain rpiat n

sci~,Joub~e' base p~ropel Iants can be adequately described by the relat-ion,.

wihere a and'o are ,experimentally determi ned constants. The cotistanit

represents the n~et vouerc'~rnk~age, and the prodUct ag" represents
gthe initial rate of shrlprkage. The rnet volumetric shrinkage &t is usually

mnot 49plicitly temperatuire.dapende Z, however, the shrinkage I-ate Qs. is
strongly temperature dependent sinc plyuierization, in general, is a -

themallIy Aat+vatel process .whicthi, i2dai ly adequaieTy described by

first qrder.1kinetic theory. Procedures for. performing cure shrinkage

tests* are- not.readiiy available in the open literature, however, a cQ'Pn

*technlqui~ ma~s. use of a mercu~y dil tometer submerged' in a constant

--temperature bath. -The rise of-the mercury column-ifll a capillary is

monitored using a cathetometer.

Detr~nnaion~-fsue srinag stresses in. a-solid rocket-motor

-Xc repretents a difficult task which is beyond the current state-of-the-art
ca~pabilities. ..Reccntly, ~howev~er, Cost [6) due n nlyia

approach which may .prpve to bee worthwhile in the -futurf for determining
[6)

shrinkage stresses. In this report, Cost treated curifig polymers

3,5ý

- 6



unider 1sothefrml and sted~y-'state thermO& conditionfs, 'and formiulated

[. . ~~the basic govertiing--idifferential- eqmtivs -in -ems-f4-frn4l--

nrperators'. *The mtt.erial properties wer'e treated. as functions of space,

-time, tempeiaturpi and degree of cuire. imdicattibhs -of how m~aterial be-

havior may be related to molecuarl paftmeters. were g iv&n, b~ased on

Buectie's theo'q of wlcul4ar viscoelastic-ity. Such a thieory may seerve

as ,a- gui delitne for futuzre developwnts in this area, however, lacking

experimren~tal ve~rification, these developmwnt~s should be considered to0

k, of .a preliminary nature. Develhcnent of analy~1s techniques for

cure-shrinktge stressts will quite 14kelv be necessary in the fuiture with

the evolution of izord ci~plicated and more highly coostrained fgrain

,Configuratlons.

pr thte present state-of-th-r #r~ ztor configurations, adverse

* .effects of cluret shrinkagi cans -for- the-Most-part, bel-Wided in preimiý-

nary andfinral 'des ign, analysis Ohves. through experiance anPd'egineez1P9

jUdgent bASed 06~ tht gu0-delindt OU~-nd ifl 1 hater 2.-

typicallymoiielwtprtueccig Fo tvnibowtr

configir'otions, the. critical ar'eas of analysis are the. i nner

bore and the. case grain tatdnain-bf, POT~ts

In the case of ver-y high m~ass fraction m~otors, tht radial compcnent of

theý case-grain interfacial stress at thefotorlndplane may be the ltjo~t2

ing destgn parawiter.
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-A urni~~~i w en w d1VjI 1WViiiu cyc~ling effects~, the stresses-

6nd strains'iVdetem, ined onily for 3 11ott t~aiperature soak of the grain.-

v Gling effects ai-e then accounted- for Ur the failure analysis using

some cumulative-dmage-~rifie. This is the procedure adopted here for

preliia ry desIgiI dnalyiyý~.

in. p'rforfngitheruWs-traln orthermal~ straes~ analyses, a nu.mober of

s~itopiify~rig asswivptions are noniiaily Introduced. First, the grain

geomietry is-idealized to-in-nflinite length hollow cylinder. Correction -

*for 81it24* geometry--and finite length are irtroducea as multiplicative

fattors. It is also typtcally assumned that the case is infinitel~y rigid.

Physi~aallYothis assumrption is equivailent to assuani ng -that the ratio

U AE,/E is n~ejlioble compared_ to one, where b denotes -the outer grain

radius, h the-case thickness and _E--wWE~ are Young's Moduli of the

propel Tarit. and the case reipectively.-..On.- also nobnnally- assuaneta .uhifonn

temperature distributicn throughout tbe grain. This is equivalent to

S as s v: n~ t ,- hat tht graiii -is very slewly =,ped. Th-last assumiption

typi Cal ly -11a&d1 -tha.t p.p e"it is incompressit4I-.--(i~e.,v 1/2).

The assumption of,-cm.aaicail incom~pressibility norma~ly leads to
.t an inconsistený:y wheai Poisscn's-'ratio, v, the elastic modulus E and line ,ar

co~efficient of expansion a (or equivalently the bu'lk- modulio K( and bitlR

coafficitint of-,exoansion 3ci) 1%re. treated as independent quzantities., For

Incompressible materials, then-rMedynamic rest~rictions ~require that

vanish. Thus, the developm~ent of thermal stresses and strains ft icm

presiible material is ex.-1uded.. In this cise one t~ypi~cally maka the

ad hoc assumptiorithat. as ;I.½ the bulk modulus K-becoomes infinite,

but the quantity E U3(l,- V) rem~ains finite and cr is also assumed to be

3.7



nonzero. These inconsistencip can bs ,'efOved most easily byr*eformu,

"-I,•ttiigthe-bets•r-thi•oel-stk at4on -vtlthead •c Introduction of

a Gri•nisenf rlatfon. Spec-flcally, the limit

m i .3 -3

1 )1 V K ----

i- assume-4 to approach a fi.•ite value as v4ga M. ct-#,3 co•u•re i or,
cryst~l i ttice strtctas, the quantl;{• - 1htmnt) is known.as the

Gr:uinisen ýorts existence is demonstrated throagh consideration

.... the nonliar vle-depenece of the -fequihqy ofa lattice vibration
.. C81

of specified wave'vector; ' The existence of-t~he llmit-(3.3) for

amorpheus matrials Is based on thero myraca ag uments The ustful-

ess bf the .relation (3.3).n performing themal stress analyses has been

4.suggstel bY Freudenthal and Fitzgerald

It is worth notin§ thai'th' forwatitio:.d inconsistencies do not

exist in current firnite element computer programs which incorporate

Herrmann's reformulation[ 12J. This -is due to-the-fact that PoissWs t" -

ratlo is not taken to be It' in these programs. Instead, the assouptionr

is made that >2• whir X and-i are the Lame constants, and .mean

pressure function f =u3ej/2M(1+v) -ýs introduced as additional uraknoun at -

eac element, wheree, is bhe first stress invariant. in the limit as

V-01. Hermanti's refomulatlon can be shOcw to be equivalent to (3.31)

The use o0f the relation (3.3l, in peeio tmng- thermal stress analyses

of solid ,-ocket ftors is discussed in greater detail tw% a later section

of this handbook. In the fdllowing s'ctlons, for the most part, the

3.8
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results will be based on the asumptibns of Incompr~essibility and a non-

. ze.coef c,4ont¢-f exuparsion-a. Althugh inconsistent, these assmtptiOns

-- ,------have led to rfsults which have been proyea-measn-b~ly adequate in the

past for.prelii4na -d6Ig-npurposes.
•-•1•~t CYLINDER .

S°JdeP the assumptions stated above, the maximum inner bore hoop strain

is independent of material ph'sical *_peties and is given by [4,5,13,14,15]

c(a) loge{l + 'c'(a))-, (3.4)
e e~

where

- "(a) (3Y2) aR X2 AT, (3.5)

and

Q!R ' p - 2/3(1+v) ac a propellant reduced,

coefficient'of linear expansion

x b/a - Ratio of graln outer radius to innesr bore radius

rAT T1 - T -Temperature decrement from zero stressistrain

from zero stress/strain temperature T,.

The natural logarithm of the hoop strain has been introduced-in

equation (3.4) for calculation of the actual hoop strains since measure-II

ments.on coled analogue m•tors have indlcateý that the hoop strain is

better described in terms of natural strain 45 . The relationship

between c (a) and e.(a) is shown in figure 1, whereit-is seen that the

- 3.9
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deviation associated with using equation (3.5) reaches about 10 percent
..........at- a hoop s racent ; For -smal l strains, the difference

betveen (3.4) and (3,5) is negligible.

In arriving "at equation (3.5) a c'•dition-of Pl?.ne strun has been
assumed. If a condition of so-called "generSlized" plane straini -

• aseneralized" plan strain

;assunfd equation (3.5) becomes

(3/2) (aRA2-Q) AT . (3.6)

The maximum hoop stra n_.at--- lootemperatures .•i-lcted for co!Iventional

grain geometries by (3, -6)---tyT-6caly on i6i4 order of ten percent

less than that given by (4.5). Equations (3.4)--nd (3.5) areiico end-
ed for preliminar, analyses, -Since UW tend to produce conservall..ve- -

res i and the condition ofp generalized" plane strain is unrealistic .

'-FEqtiation (3.5, is* applI cable foijon9 cfircular port grains. The

relation between x and gra' length-to-diameter rato-fL/D for which

equation (3,5) is valid, bised on nwrerical analyses [lg - is shown-

i-n figure 2. All poinnts, to.the Might of the 6Eecorrespond to geometries

for which (3.5) is applicable. Values of x and L•D corresponding to
, points to týe -_left of 'the curve represent geometrtiesf.-r which flnite-__ .

grain length correction factors mus; be Applled, Fihite length coffee-

tlon factors are discussed in a subsequent-section obf--this chapter.'

In addition to finite length correctionAn • td__cor-rec-ti-ons-for

concentration factors for star perforated graifis must also be applied

"By ",generaze pare strain is meant a condition of constant (nonzero)
axial3-strai n. --

3.1-
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to equation" (3.5). This correcti'on Is also discussed In a later section
V I

-of this report..

Under-the-assumption's leadingto equation (3.5), the maximum "

"radial component of the stress is the case-grain interfacia' bond stress

given by . .-.

j) -E A-);24 ) (3 .7

The inner-bore- hoop- s'iress is given by . •
I&

* o~)2ý,2 .,4EP AT *-(3. P)

SOLID CYLINDER t .

The prevlous equatlornr have teen de•Y'e'pel for;.hollow cylinders
under a condition of plane strain. To-dalculate thermal. stresses and..

stra-ins arising in an incomprs'slbie, infinite'length'ssolld cylinder,

rigidly resLralned,,the basic theioelastic equations must be modIfled.

if meaningful results are to be obtai.ed, since mathenatically 'infinite

_s-- es are developed fort-eve•-an-nfitntesimal temperature change in a

.-rgidl Yestrained,.infinite length h6llow'cylinder. ThiU result is- due

to the aforementioned inconslstent assumptioni of. the *independence of the

bulk coeffilcent of thermal expansion iný th.e bulk compresibillty.

There are two methods by %rich an incomipressible solid cylinder can be

handled in, a prelfiinary analysis. -,rst, as in th•e •ae of the i ',finite

le.,gth hollow cylinder. Poisson's ratio may be taken to be.one-hWlf and'.

and nonzero "linear coeffirient of thermal expansi•n assumed . .

with the rjgld case replaced by a flexible thin case. Under ,hese con-•"

dltions ,th maximm.. -radial bon(A stress is given by

AhE 01AT
(b) c3.9)
r 2(i-V2 )b

-3.13
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For a steel case 4h a qra~n,.radius to case thickness of 100 and a

"typ 'e.al vilue of aR taken f!bm the. table on page 2, this equation repre-

sent.5 a 6 . tress of 25 psiV0 F. The radial strain for this condition

is constant independent of ýaterial physical properties and' radial

Dosition and is given by

"(r)=. (ý/2) a AT 0 .0y"
pr r.

'An alternate approach to this problem is.-tueformulate the basic-

, thermlastic equations wth the, a hoc intrio-,uctign of, the Gruneisen

relatlor 6.3);: In tthis.case a rigid case may be treated with the

maximum radial ,bond stress given by

or(b) (3.11)

whe;.e .6 is' treated as a material "constant. TIn 'the case of a flexible

thin case-the maxinnmir bond stress ,is ,given by

. +'-A " _R~

The radial stroan is again indeoendent of-,the.radial co•rdinate

, and mataZ physical properties, and is given by

C • (r) = (3/2)(ai p-aR,) T (.-3.13)I \\E f'

.r a typilal composite propellaoit with itulk modulus K : 500 ksi

and linear coeof-Cn. _ Of expansion o.p= v i,6 x ,l0 (0 .F) , the Gruneisen.

constanta is determ-Nned tn be.841)si/.F. Using this value for 'a

3..14
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eation (3.1l)g4ve's a'bond stress of 75 psi/*F for a-rigid case, and

"equatlol, (3.12) gives a stress of 23, psi/ 0 F for a flexible thin steel

case with b'i" = iO0. It is seen that equations (3.9) and (3.12). give

equivalent results.for 'the case of a flexible thin tase, as they sfiould.

The..re.selts for a rigid, or very thick case, are seen to be aboutithree

'Lime:s greater than thatfor' z thin case.

The strain represented by.equation (3.13) is about one-ýenth that

"given, by equation (3.10). This is to be expected, however, since the

asstiqption of a rigid case severely limits def lctions!

From the above..discuss4ons, it, is appareh-t that for geometries*

which can be analyzed using either classital techni-qdes or through intro-

duction of.a GrUneisenrrelation; the results will not be significantly

-,different. The introduction of a 8runeisenoconstraint, howevir, places

the equations ol'.thermoelasticity-6n an -admits-blr•thermodynaMic basis.

Ti,.a greater use of a Grimneisen constraint will be for highly. oonfineOi

"geomeiries that is, very high. mass fIraction moto~rs with relatively

stiff, or tlick cases. Before extersiveuse can be made of a Grujneisen f
constanti however, further investigation is required to verify that 0 is

indeed a constant. In 'particular more accurate dete,minations of the

bulk modulus of propellants ad .Ve behavior of tho_ cVefFicient of themeal

expansion "in multiaxial stress statet must be obtained.

The analysis described'here for solid ckmers is useful for the.

preliminary analysis of, say,(,x_'tridge-loaded end-burn-ing grains.

3.15
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NEND-BONDED HOLLOW CYLINDERf

,The 'enaining grain geometry that is- readliy handled in -a preiimi'-

nary analysis is the finite lengthhholLaw cylinder erth both ends bonded

sUbjected to a u.lfom' temperatuA decrease. '

•As- in the previow. cases a nAmber of simplifyfng asstnp6tions can

-.e intvvduced. ,First, unpf im end 4ef4ct-at'e assured With no bendiflg.
The caseis _a]o t;Nated as belrig rigid, and Poisson'. satio" is t'a ento

be 1/2 with a nonzero coefficient of expansica. Oa.hed on these assw-np-

tions+,I.e pertinent stresses ani strains are 4jiven bY.L1

Ti (3.1~4)

S%(a} . ?),2 (.)E AT,

• -a(r)2. E ,3..

-+3X21 6T/2 (3.17)
£r c

(a ) ( " ) 1-1-31 2 ) IT/2 , •
PC - ,

.- . - 2(3.9)

These equations can 0 so be wdified- to inclUdea rinelsen constraint,

however the resulting 'rations, to a lipear aýproxinmatlon, vield -re-
sults whlcboagree buite well. wits the stresses and str&ins Preicted by

ssand, s •trains -, Ih r teu Js by

-quations (3. 14) through (3.19). jor most ýpplictons, results. wil l
Sdiffer by less than one percent. ..

3
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3.2.3 AERODYNAMIC HFATING

Aerodynamic., heating stresses and strains can be hzadled in a

,',Tatively easy m.anner, in .a prpliminary design analysis. The conservative

approaph is to.asstme that the'propellant grain .undergoe's a' step radial

displacement corresponding to a -tep tempercture increase at the motor

caso. The resultant stresses and strain9 induced 1n the propellant grain

a?- then ssiperposed with theimal coolin stresses dnd strains. Tempjera-

"ture gradients thk ugh the case an'propellant-case interface apd expansion

of insulation or lner mater1als are neglected "In th~s approximation.

SUnder these loading conditions and asst6ning plane strain cohditions the.

,-tnaxiinu .rdial bond tress due to only aerodynamic heatingris' given by

4 - ~(b) u2(,N2-1) t E AT /(3+X.)2)

and the inner bore hoop straim is given by

'a) r4,k7 aC A7Tc/(3+'2)

0 where .AT denote. tho stL, tempereture increase at the motor case.

C

? Equations (32)Ad32)may 4e adde'd to equations (3.,6' and (3.3)

respectively to Potain the bond stress and oore hocp strai-n in cooled

pr4eiiant grain subjected to aerodynamic heating:

r ( (X2-1) Ep {aR AT'+ 2ac ATc/(3+X2')} .

.. _ eo(), = 3aR X AT/2 + 4"• •Tc/(3+x 2 ) . (3.23)

"I"t,can be slen, from'a comparison of equations (3.20) and (3.21)

/ with (3.,22) and (3.23), that the magnitude of the strestes and strains

3.17
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induced by aerodynamic heating will usually notfbe. sigificant. The'J

critical factor under this loading is the rapid decline p the propel-

lant-case in.te?-factal bond stress capabilities caused by the rapid

temperature increase at the propellant cas interface.. The magnit~de

"nd the time scale of the ,mperatur increase at the propell~nt case

ir~terface is usually minimized through the use of external insulatton,

such as'cQrk, on tneenotor case&which ablates and transfers the energy

absorbed as teat back'.into the air flov. 01.

In'obtaining the above results, the heat transfer problen was'ne-

* glected b imposing constant time and spatial variation of the tempera-

ture. Thls.Prob.em is coplicated by 'the fact that for'high velocity

flow6 the acrodynamt heat~hg of 66 boundary layer affects the heat

transfer and the frictito)'appreciably. Further complications ere intro-

duced when temperaturestecome so high that the gas dissociates

or ionizes (an unlikely prospect for solid rocket motdrs), or for -very

:,high altitude high velocity flight where themeap fiee path of the mole:-

culb becomes of the o or of the~boundary la&br thickness and the

, cýiitinuum-treatment is no longer valid (aIso unlikely for solid rocket

motors). At subsonic ovelocities aeodynaic heating is. usually• negli-

gible, .wh.eres at high °speeds, on the other hand, the rate of heat flow

to the missile skin increases rougIly lii proportion o the flight

velocity (if the surface is Oia-ntained ai consan 't empe-rature).

The zpproximations hnt oduced Above ariiundbubtedly sufficient for

preliminary design purposes. RefinknePtiwhich include lntroductlon of

time and spatial distri butirop Qotemperature are discussed in th low-

Ing chapter on final design analysis techniques.'
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